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DIFFRACTION OF HYDROGEN ATOMS 


By Tuomas H. JoHNsoNn 
BARTOL RESEARCH FOUNDATION OF THE FRANKLIN INSTITUTE 
(Received March 11, 1931) 


ABSTRACT 


Diffraction patterns of a beam of hydrogen atoms reflected from LiF.—Improved 
technique in the photography of the diffraction patterns produced by the reflection of 
a beam of hydrogen atoms from a crystal of lithium fluoride has resulted in more 
complete patterns than those previously described by the author. The observed 
patterns are those expected on the assumptions (1) that the incident beam contains 
the distribution of wave-lengths derived from the Maxwellian velocity distribution by 
the use of the de Broglie relation between wave-length and velocity, and (2) that the 
surface of the crystal constitutes an impenetrable square array of scattering points 
with the arrangement and spacing of the ions of a single type as known from x-ray 
measurements. 

Wave-length distribution.—The intensity distributions in the diffraction pat- 
terns were measured, and were found to have maxima at positions in good agreement 
with those expected on the basis of the above assumptions. 

Interpretation of relative intensities in the different orders.—The relative inten- 
sities in the observed orders are discussed in relation to the scattering coefficients of 
the two types of ions, and in relation to the dependence of the scattering coefficient on 
azimuth, 

Diffraction by the secondary structure of the crystal.—A secondary spectrum is 
described, arising from a lattice of wide spacing the lines of which are parallel to the 
100 cleaved edges of the crystal face. 


T HAS been well established for some time that the quantum mechanics 

correctly describes the motion of a free or a bound electron. Its success in 
the interpretation of band spectra has also shown that the motions of atomic 
nuclei within the molecule could be included in the theory, and because of 
this, it appeared almost certain that the new mechanics would be found 
correct in its description of the free motion of atoms and molecules. The com- 
paratively recent experiments of Estermann and Stern! and of the author? 
were not disappointing in this regard for they have demonstrated that atoms 
and molecules of low atomic weight behave as predicted, in that they exhibit 
the properties of a wave radiation of wave-length \=//mz in the plane-grat- 
ing diffraction phenomena which appear when these are reflected from the 
surface of a crystal. These experiments are of interest not only because of 
their confirmation of the predictions of quantum mechanics, but also because 


1 Estermann and Stern, Zeits. f. Physik 61, 95 (1930). O. Stern, Die Naturwissenschaften 
17, 391 (1929). 
2 T. H. Johnson, Phys. Rev. 35, 1299 (1930). 
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they introduce the possibility of applying atom diffraction to investigations 
of the atomic constitution of surfaces. A beam of atomic hydrogen, for exam- 
ple, with ordinary thermal velocities, has a range of wave-lengths of the right 
magnitude for this purpose, centering around 1A, and the complete absence 
of penetration of these waves will insure that the effects observed arise en- 
tirely from the outermost atomic layer. 

The first experiments demonstrating the diffraction of hydrogen atoms 
when reflected from a crystal of lithium fluoride were described in some 
detail in the Journal of the Franklin Institute.* The diffraction patterns 
which were photographed in that earlier work were of low intensity and they 
showed only a part of the complete structure which should have been pro- 
duced by the array of ions on the surface of the crystal. Because of the low 
intensity in these earlier patterns, satisfactory intensity measurements were 
impossible, and only a rough comparison could be made between the observed 
distribution of wave-lengths and that predicted from the Maxwellian velocity 
distribution and the de Broglie relation between velocity and wave-length. 





Fig. 1, Collimating system for normal incidence. 


Recent improvements in the technique of obtaining photographic records 
of the diffraction patterns have overcome in large measure the deficiencies of 
the earlier work, and patterns of far greater intensity have been photographed 
which show all of the expected first-order branches. The intensity is now 
sufficient for the purposes of making photometric measurements of the wave- 
length distribution, and it has been possible to make some rough estimates of 
the rel: tive intensities in the principle branches. In addition, some new fea- 
tures have been recorded which throw light upon the secondary structure of 
the crystal. 

With the exception of a few modifications, the apparatus and the experi- 
mental procedure were the same as in the earlier work. A sharply defined 
beam of hydrogen atoms had its origin in a chamber 7, Fig. 1, in which mole- 
cular hydrogen was dissociated by an electric discharge, and it was collimated 
by a series of tubes with suitable pumping systems for eliminating the excess 
gas. This beam was reflected from a freshly cleaved surface of a crystal (C) 
of lithium fluoride, and the reflected atoms were recorded on a plate (P) 


8 T. H. Johnson, Jour. Frank. Inst. 210, 135 (1930). 
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coated with molybdenum oxide After an exposure the patterns recorded on 
the molybdenum oxide plate were made permanent by photographing in the 
usual way. 

Since it is believed that atom diffraction may prove useful in studying the 
structure of surfaces a discussion of some of the technical features will be in- 
cluded for its interest to other investigators in this field. 


FORMATION OF THE BEAM 


In designing a collimating system for the production of a molecular beam 
for use in diffraction experiments there are two requirements; the beam 
should be intense and it should be sufficiently sharp to resolve the effects 
sought. In the limit these demands are conflicting in that an increase in the 
sharpness of the beam results in a decrease in its intensity, and vice versa. 
Over the range of source chamber pressures which is of interest, the intensity 
of the beam, as regards its dependence on the configuration of the collimating 
system, is proportional to the area of the source aperture and inversely pro- 
portional to the square of the distance from the source to the point of detec- 








a ae Sa 


Fig. 2. 


tion, and it is independent of the position and size of the collimating aperture 
as long as the point of detection is not occluded from any part of the source 
aperture. The sharpest beam, for a given intensity, may be obtained by mak- 
ing the collimating aperture a section of the cone of which the source aperture 
is the base, and the point of detection is the vertex. The linear dimensions 
(So, Se’) of the collimating aperture are therefore related to the corresponding 


dimensions (.S;, S;’) of the source aperture by 
S» = S,b/(a + b), (1) 


where a and db are the distances indicated in Fig. 2. The corresponding dimen- 
sions of the cross-section of the beam at the point of detection are given by 


S3 = 2S,b/a. (2) 


Similar expressions also hold for the S’ dimensions. 

If a perfect reflector is placed a negligible distance behind the collimat- 
ing aperture two reflected beams separated by an angle A@ will be just re- 
solved if their linear separation is equal to the beam width, i.e. 


bA@ = 2S,b/a. (3) 
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The resolving power of the collimating system, in the plane determined by 
S and the beam, defined as 


R = 1/0 = a/2S,, (4) 


is independent of 6 and would remain unaffected by shortening this distance 
as much as permitted by convenience of construction. 
The intensity J of the beam depends upon these dimensions of the colli- 
mating system in the manner 
S S 1’ aS 1 ; a’ 
5 ne a tas ; a (Sa, b) 
(a+b)? 2R(a+ 6)? 4RR'(a + 8)? 





From (5a) it is seen that, with fixed resolving power in one direction and fixed 
dimension S,;’ normal to this direction, J has its greatest value, as regards its 
dependence on } when ) =0, and, as regards its dependence on a, when a=b. 
If the resolving power is to be fixed in two dimensions, as, for example, would 
be the case with circular beams, (5b) shows that the intensity undergoes no 
variation with changes of the size of the collimating system, but it is inversely 
proportional to RR’. 

Under the first of these conditions the greatest intensity is obtained with 
the collimating system as short as possible and the sizes of the apertures de- 
termined by (4) and (1) to yield the required resolving power. 

The variation of beam-intensity with source-tube pressure is the next 
point to consider. The principles involved are not as clear in the case of 
atomic hydrogen beams as with other gases, for the degree of dissociation in 
the discharge tube depends, among other things, upon the pressure. With an 
incomplete understanding of discharge tube phenomena, considerations of 
this kind will be omitted and only the usual elements of the kinetic theory of 
gases will be taken into account. 

On this basis the number of atoms leaving the source aperture in the direc- 
tion of the beam is proportional to the pressure in the source chamber over the 
range of pressures for which “molecular flow” subsists. This number is 
diminished by collisions over the path a’, between the source and the entrance 
to the collimating aperture, by the factor e~*’/“ where L is the mean free path 
in this region. Since the speed of the diffusion pump which is used to elimin- 
ate the excess gas from the region between the first two apertures is approxi- 
mately independent of the pressure, a constant ratio exists between the pres- 
sure within the source chamber (p) and that in the intermediate region, and L 
is inversely proportional to p. The intensity of the beam then varies with the 
pressure in the source chamber in the manner 


I = Ape?!” (6) 


in which the constant fo is the pressure in the source chamber for which the 
intensity of the beam is a maximum. An expression of this form is in agree- 
ment with the observations on beam intensities in these experiments as well 
as with other published data, and with the apparatus used in these experi- 
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ments fo was found to be 0.3 mm. Corresponding to fo, the intensity of the 
beam, from (6), is 


Ip = Apo/e. (7) 


From the above considerations it may be seen that po is proportional to the 
resistance of the source aperture, to the speed of the pumping system operat- 
ing between the source and first collimating aperture, and inversely propor- 
tional to the path a’ of the beam in this region, while the constant A is 
proportional to the ratio of the number of atoms which have the direction of 
the beam to the total emission from the source, and inversely proportional to 
the resistance of the source aperture. To realize a large value of Jo, a high 
speed pump and large connecting tubes were used at the first stage, the path 
a’ was made as short as possible by the use of an auxiliary collimating tube 
(Fig. 1), and the source aperture was tubular in shape to produce a favorable 
directional distribution of the emitted atoms. 






SWQVVsy, 


\ —, 





Fig. 3. Collimating system for 45° incidence. 


Insofar as the directional distribution of the atoms emerging from the 
source aperture is unaffected by changes in its dimensions, the resolving power 
can be increased without affecting the intensity by diminishing the dimen- 
sions of the source aperture and simultaneously increasing the pressure in 
the source chamber so that the total number of atoms which emerge from the 
source aperture remains unchanged. A change of this character should leave 
the number of collisions in the intermediate chamber unaffected, for there the 
free path depends only on the rate at which gas is flowing in from the source 
chamber. This consideration therefore leads to the conclusion that the intens- 
ity can be increased, with fixed resolving power in two dimensions, by di- 
minishing the size of the collimating system and simultaneously increasing 
the pressure in the source tube. 

The collimating systems (Figs. 1 and 3) used in these experiments were 
constructed along the lines of these principles except that, in the arrangement 
for normal incidence, it was inconvenient to place the crystal directly in front 
of the last collimating aperture. The important dimensions are included in 
the following"table. 
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Diameter of source tube 0.65 mm 
Length of source tube 1.3 mm 
Diameter of first collimating tube 0.67 mm 
Diameter of second collimating tube 0.18 mm 
Distance (a’) from source tube to first collimating tube 1.0 mm 
Distance (a) from source tube to far end of second collimat- 

ing tube 24 mm 
Distance (b) from end of second collimating tube to plate 

by way of specular reflection from the crystal at nor- 

mal incidence 9 mm 
Distance (b) for 45° incidence 10.5 mm 


ELIMINATION OF HIGH ENERGY IONS FROM THE ATOM BEAM 


One of the principal obstacles which stood in the way of the recording of 
intense patterns in the earlier work was the disintegration of the crystal sur- 
face by ion bombardment. Ions diffusing from the discharge chamber were 
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Fig. 4. Electrical connections. 


subjected to a potential fall of the order of 5,000 volts between the center of 
the discharge and the observation chamber and some of these entered the 
beam and bombarded the crystal. The importance of their effect may be 
realized from the fact that, if unimpeded, the ion bombardment was sufficient 
to disintegrate the surface of the crystal in less than one minute to the extent 
of putting a stop to the regular reflection of atoms. The introduction of an 
electrode E (Figs. 4 & 1) to sweep the ions from the beam, materially im- 
proved the situation and exposures of three hours were feasible. There re- 
mained, however, a smaller number of neutral atoms of high energy in the 
beam which were formed in the first collimating tube by the neutralization of 
ions and these were not eliminated in this way. In the latest work, therefore, 
two additional precautions were taken. (1) The potential of the observation 
chamber was adjusted to be approximately the same as that of the center of 
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the discharge tube, so that ions diffusing from the source tube were accelerated 
as little as possible. (2) The remaining field between the center of the dis- 
charge and the entrance to the first collimating tube was made asymmetrical 
so that the ions were accelerated out of the line of the beam. The result of 
these precautions has been an almost complete elimination of the effects of 
bombardment with a resulting increase in the possible time of exposures to 24 
hours or longer and a corresponding increase in the intensity of the patterns. 

Fig. 4 is a diagram of the electrical circuit which was used to operate the 
discharge. A d.c. source of potential was supplied by a transformer and two 
kenetrons connected for half-wave rectification. This method of connecting 
the kenetrons had the advantage that the potential of the observation box, 
when adjusted to equal that of the center of the discharge, was close to the 
ground potential, and no trouble was experienced with leakage currents al- 
though the design of the apparatus made it inconvenient to insulate the box 
to withstand high voltages. To reduce the fluctuation of potential which took 
place during the cycle of alterations of the primary e.m.f., a condenser (C) 
having a capacity of 0.08 mf was used. A water resistance (R) served as a 
convenient potential divider and ballast resistance for the discharge. This 
was constructed of a series of four interconnected glass U-tubes, each 1.5 
meters in length and 5 mm in diameter through which tap water was continu- 
ously circulated. This resistance could be varied in any of its parts by the 
insertion of wires into the arms of the U’s, and it was adjusted so that no 
current was registered through the galvanometer (G). 


GENERAL DARKENING OF THE DETECTING PLATE 


In the recording of faint patterns requiring long exposures it was neces- 
sary to exercise care to avoid a general over-all darkening of the molybdenum 
oxide detecting plate. A darkening of this character might have been pro- 
duced by any one of three causes. (A) Atomic hydrogen, dissociated in the 
source chamber, might have been diffusely emitted from the collimating tube 
after scattering from its walls, and these might have reached the detecting 
plate either directly or after other reflections in the observation chamber. 
(B) Atomic hydrogen might have been formed in the observation chamber 
itself by electrons which were emitted either photoelectrically from the walls 
of the observation chamber or thermionically from the crystal holder and its 
heating unit, and which attained high velocities in the fields which surrounded 
the electrode E and its lead wire. (C) The most important cause of over-all 
darkening was the reduction of the molybdenum oxide by molecular hydro- 
gen. This reaction can take place only if the molybdenum oxide is heated, but 
unless precautions were taken, the radiant heat from the crystal holder at the 
temperature used for degassing the surface of the crystal was sufficient to 
cause trouble. 

Unquestionably some trouble had been experienced from cause (A) but 
this was rendered negligible by plating the inside walls of the collimating 
tubes with platinum black so that scattered atomic hydrogen was adsorbed 
until recombination to molecular hydrogen took place. The effects of (B) and 
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(C) were almost eliminated by protecting the detecting plate with a metal 
shield which completely surrounded it except for a small opening close to the 
crystal through which the reflected atoms entered. (See Figs. 1 and 3.) The 
inside and outside walls of this shield as well as the interior walls of the obser- 
vation chamber were cleaned and freshly plated with platinum black before 
each exposure. To facilitate the cleaning of the interior of the observation 
chamber a copper lining was constructed which was easily removed, cleaned 
and plated. 


PHOTOGRAPHIC TECHNIQUE 


The detecting plate consisted of either a “black-nickel” plated brass plate 
or a blackened photographic plate upon which was deposited a thin coating of 
molybdenum oxide formed by the oxidation of metallic molybdenum in an 
oxygen-gas flame. Since the blue reduced molybdenum oxide faded slowly 
when exposed to the air, the detecting plate was photographed as soon as 
possible after it was removed from the apparatus. The camera was of special 
construction and gave a 2.86 to 1 enlarged image. The plate was illuminated 
from the front by two 100 watt lamps placed beside the camera lens. To 
prevent fading of the pattern by reoxidation when exposed to the heat from 
these lamps, water filters were introduced between the lamps and the plate. 
A Wratten Aero No. 1 color filter was used in front of the camera lens to 
increase the photographic contrast between the white background and the 
blue pattern. The best reproductions of the patterns were obtained on East- 
man Process plates with their D-9 developer. 


PREPARATION OF THE CRYSTAL 


The crystals of lithium fluoride were grown from a melt by the method of 
Kyropolus,* which proved to be extremely simple and satisfactory. These 
crystals are of the simple cubic lattice, and they are cleavable along the 100 
planes. From the lens shaped crystals which were grown in this way rectangu- 
lar blocks 2 mm X2 mm X4 mm were cut, the faces of which were parallel to 
the cleavage planes. During an exposure one of these crystal blocks rested in 
a grove in a copper holder of which two types were used to realize the desired 
orientations. These holders contained heating coils of tungsten wire wound 
on mica and imbedded in alundum cement. After all other adjustments had 
been made the crystal was cleaved and mounted, and as quickly as possible 
the apparatus was evacuated. Without further treatment the freshly cleaved 
surface at the start was generally found to give a weak specularly reflected 
beam of the order of 1 percent of the incident beam. An initial heating at 
500°C for about 3 min. with a subsequent cooling to room temperature in- 
creased the reflecting power to something of the order of 10 percent of the 
incident beam, but this again fell off in the course of an hour to very nearly 
nothing. If the temperature of the crystal was maintained steadily at about 
300°C its reflecting power was higher and it persisted for a much longer period 
of time, but it was still helpful to heat the crystal at 500°C for a few minutes 


‘ Kyropolus, Zeits. f. anorg. allgemein. Chem. 154, 308 (1926). 
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at four or five hour intervals. With this procedure it has been possible to 


maintain a high reflecting power during 24 hour exposures with no apparent 
diminution. During the major part of the exposure it has been found best to 
maintain the crystal at as low a temperature as is possible without seriously 
interfering with its reflecting power, for at the higher temperatures, in addi- 
tion to difficulties introduced by the heating of the detecting plate, there 
Was some troublesome diffuse reflection which might have arisen from either 
or both of two causes. (1) The roughening of the surface by thermal agitation 
may have produced a diffuse blurring of the regularly reflected and the dif- 
fraction beams. (2) Adsorbed hydrogen atoms may have been re-emitted 
from the hot crystal in the monatomic state, although at low temperatures 
these remained on the crystal surface until recombination to molecular hydro- 
gen had taken place. 

The best explanation which can now be given of the continually diminish- 
ing reflecting power at low temperatures is that vapors from the picein wax, 
which sealed the many joints leading into the reflection chamber, gradually 
condensed on the crystal surface. To minimize this difficulty the concentra- 
tion of this wax vapor was made as low as possible by the use of independently 
evacuated guard rings between the wax seals and the inside chamber. As 
further precautions against this vapor, a liquid-air-filled glass tube protruded 
into the observation chamber, and the inside walls were covered with an 
adsorbing laver of platinum black. 


Tue DIFFRACTION PATTERNS 


For the purpose of demonstrating the principal features of the phenome- 
non of the diffraction of atoms, patterns were obtained by exposures with 
three different arrangements of the crystal and detecting plate. These will be 
referred to as (a) normal incidence (b) 45° incidence in the 110 azimuth and 
(c) 45° incidence in the 100 azimuth. In each case the patterns were those 
expected from the following two assumptions: (1) The distribution of wave- 
lengths in the beam was that calculated from the Maxwellian velocity distri- 
bution by the use of the de Broglie relation, and (2) Thediffraction grating 
was made up of scattering points arranged on the surface in a plane square 





array with a spacing d equal to the value 2.835A obtained by x-ray measure- 
ments for the distance between two adjacent ions of the same type. The prin- 
cipal axes of this array lie in the 110 azimuths and the angular positions (@, 4) 
of the diffraction beams with respect to these axes can be correctly calculated 
from the plane cross-grating equations 


cos 6) — cos 6 = md d (Sa) 
cos dp — cosd@ = nd d (Sb) 


in which m and w have the values 0, + 1, etc. 

Of the patterns which have been recorded, the most complete is that repro- 
duced in Fig. 5 which was obtained with the crystal and the detecting plate 
arranged for normal incidence as is shown in Fig. 1. The specularly reflected 
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beam appears in the photograph at the center of the pattern superposed upon 
the hole drilled for the incident beam. The more intense dispersed branches 
of the pattern, which are reproduced in the vertical and horizontal directions, 
lie in the 110 azimuths of the crystal. These correspond to the four ways of 
assigning 0 and +1 to m and w# in equations (8), and may be appropriately 
designated as (1,0) beams. In addition to these, four other fainter beams are 
visible in the 100 azimuths corresponding to n= +1, m= +1. These will be 
designated as (1, 1) beams. The dispersion in these beams seems to be greater 
than that in the (1, 0) beams as would be expected since these may be con- 
sidered as arising froma grating of the spacingd 2'*. The angular dimensions 
of the pattern may be judged from the fact that the distance from the crystal 
to the detecting plate, when increased in the ratio of the enlargement of the 
photograph, was 12.9 mm. 


\ 





Fig. 5. Diffraction of hydrogen atoms reflected at normal incidence from an LiF crystal. 
Fig. 6. Diffraction of hydrogen atonis reflected at 45° incidence in the 110 azimuth. 
Fig. 7. Diffraction of hydrogen atoms reflected at 45° in the 100 azimuth. 


A pattern produced by reflecting the beam at 45° incidence in the 110 
azimuth is reproduced in Fig. 6. In this instance the arrangement of the crys- 
tal and detecting plate was that represented in Fig. 3. The (0, 0) specularly 
reflected beam again appears at the center of the pattern and the (1, 0) beams 
are now a straight line in the plane of incidence and a parabola symmetrically 
placed with respect to this line and intersecting it in the specularly reflected 
beam. If @ designates the angles measured from the rows of ions which are 
parallel to the plane of incidence, and @ those measured from the perpendicu- 
lar rows, then the beam which is dispersed in the plane of incidence is repre- 
sented by m= +1, n=0 in equations (8). The two branches of the parabola, 
on the other hand correspond to m=0 n= +1. The straight branch in the 
plane of incidence on the lower side of the specular beam corresponding to 
m= —1,n=0 might have been expected to appear but the dispersion was such 
that the most probable wave-length fell below the plane of the crystal, and, 
on account of the greater dispersion in this branch and the paucity of the wave 
distribution in the region of short wave-lengths, this branch was too faint to 
appear in the photograph. 

The (1, 1) beams in this case take the form of two hyperbolae intersecting 
in the specular beam but these were perhaps too faint to be distinctly visible 
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in the reproduction. Unquestionably they could be brought out more in- 
tensely if a special effort were made. 

The pattern at 45° incidence in the 100 azimuth (Fig. 7) was obtained with 
the same arrangement of Fig. 3, except that the crystal was rotated in its own 
plane 45° from its former position. The plane of incidence was in this case 
parallel and perpendicular to the cleaved edges of the crystal so that the 
principal axes of the surface lattice intersected the plane of incidence at angles 
of 45°. The (1, 0) branches of the pattern now appear as the two hyperbolic 
intercepts with the plane of the detecting plate of the two cones, @=60°, and 
¢ = 60°. The branches which lie above the specular beam are intense but those 
lying between the specular beam and the plane of the crystal, although visi- 
ble, are weak for the same reasons as were given in regard to the n=0, m= —1 
beam of Fig. 6. The (1, 1) beams in Fig. 7 should have the form of the (1, 0) 
beams of Fig. 6 except for greater dispersion but these were too faint to ap- 
pear. 


THE DISTRIBUTION OF WAVE-LENGTHS 


Assuming the Maxwellian law for the distribution of velocities of the 
atoms per unit volume in the beam, the distribution in wave-lengths of the 
intensity of the atom waves falling on the crystal as predicted by the de Brog- 
lie relation is given by 


dI/dy = Ac"*/)5 (9) 


in which Xo has the value h/(2mkT)"?. The expected distribution of intensity 
along the path s of a branch of the diffraction pattern is calculable from (9) 
by the relation 


dI- ddI dy dé 
— Gea oe (10) 
ds dr dds 


d\/d@ may be obtained by differentiation of the grating equations (8) and 
d@/ds is calculable from the geometry of the arrangement. 

Since the intensity measurements were to be made with a densitometer the 
straight line patterns at normal incidence seemed at first sight to be the easi- 
est to manipulate. A comparison of these patterns with those obtained at 45° 
incidence however showed that the latter were less obscured by diffuse radia- 
tion and for this reason were less subject to errors. To combine this advantage 
with ease of measurement it was decided to use a pattern obtained with the 
crystal oriented for 45° incidence in the 110 azimuth and a slightly different 
arrangement of the detecting plate as shown in Fig. 8. With this arrangement 
branches dispersed along the periphery of the 45° cone appeared on the de- 
tecting plate as a circle (Fig. 9) and this form of pattern was easily measured 
with a Koch and Goos densitometer by the use of a simple attachment con- 
structed to give rotary motion. Besides its adaptation to measurement this 
pattern had two other great advantages. (1) All points of the circle were 
equally distant from the surface of the crystal and for this reason the general 
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darkening of the plate was distributed somewhat evenly. (2) The calculations 
were extremely simple and involved only the measurements of the angular 
positions y on the plate. 





~~ 


Fig. 8. Arrangement of plate holder for circular patterns. 
The grating equation (8b) in this instance reduces to 
cos @ = ud/d (11) 
and the measured angle y of the circular pattern is related to ¢ by 
cos @ = sin y sin 45°, (12) 
from which 


dl /dp = A’ Dold sin®y cog y/sin’ py. (13) 
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The angle Yo of maximum intensity is found by equating to zero the deriva- 
tive of the right hand member of (13) and it is given by 


cos? y = — (2do?/d? — 3)/8 + [(2do?/d? — 3)2/64 + 2]!/2 (14) 


If it is assumed that the temperature of the source of the atom beam was 
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that of the water which circulated in a jacket surrounding the discharge tube® 
then 


T = 300° K d = 2.835A 
Ao? = 3.13 X (10)—'* cm? Yo = 32.7°. 


Intensity measurements were made from the photographic negatives. As 
regards the position of maximum intensity this method of measurement would 
have been independent of the plate calibration were it not for the fact that the 
pattern was superposed upon a background of variable intensity in spite of 
the advantages of the arrangement for overcoming this trouble. In order to 
correct the measurements for this background intensity the plate was also 
measured along the circumference of a circle of slightly different diameter 
from that of the diffraction pattern itself, and this set of measurements was 
applied to the first set as corrections. A calibration of the densitometer de- 
flection in terms of the intensity of an atom beam was obtained by exposing 
a separate plate in various places to the primary beam for successively in- 
creasing times so that a series of dark spots was formed which covered the 
intensity range of the patterns. This plate was photographed and developed 
under exactly the same conditions as pertained in the case of the plates which 
contained the patterns. Densitometer measurements then showed that the 
difference of the deflection produced by the center of one of the spots and that 
produced by the unexposed portions of the plate was very nearly proportional 
to the time of exposure of the spot. This fortunate coincidence led to the 
simple rule that the deflections of the densitometer could represent atom beam 
intensities if corrected by subtracting the deflection at an adjacent point of 
the background. Although this method of making intensity measurements 
cannot be regarded as possessing a high degree of reliability, as will be recog- 
nized by those familiar with the precautions necessary in ordinary photo- 
graphic photometry, yet it led to surprisingly consistent results in good agree- 
ment with what was expected for the angle of maximum intensity. Eight 
corrected sets of measurements from plates made from three different molyb- 
denum oxide originals gave a weighted mean value of fp) = 31.6° with a prob- 
able error of 2.2° as compared with the calculated value of 32.7°. This ac- 
curacy probably speaks more for the uniformity of the background than for 
the method of calibration and correction, and it is felt that a more reliable 
calibration must be devised before the photographic method can be used 
satisfactorily for precise intensity measurements. 


RELATIVE INTENSITIES OF THE (1, 0) AND (1, 1) BEAMs 


Measurements of the relative intensities in different orders of x-ray spec- 
tra have been applied® to a determination of the relative scattering powers of 
the different atom species in the crystal. It is of interest to attempt the 
same thing using the different orders in the atomic diffraction patterns. 


5 From the work of J. B. Taylor, Phys. Rev. 29, 309 (1927) this seems to be a reasonable 
assumption. 
® W. H. Bragg and W. L. Bragg, X-rays and crystal structure, page 187, et seq. 
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Because of the overlapping of the 1, 0 and 2, 0 orders these beams are not 
well adapted to this purpose until more homogeneous velocities can be used, 
but it is interesting to compare the intensities in the 1, 0 and 1, 1 branches. 
In terms of the scattering powers U of the two ion types in the two directions, 
the ratio of the intensity of a (1, 1) beam of a particular wave-length to that 
of a (1, 0) beam of the same wave-length may be expressed, by the use of the 
principle of the superposition of amplitudes, as 


T11/T io - (Ui + U ii)?/(U ror — U oti)’. (15) 


If the U’s are assumed to be spherically symmetrical functions of space, 
i.e., Uy, = Ujo, the ratio Up/U ,; can be determined from the measured ratio 
of intensities I);/Zyo. 

In making the intensity measurements one must take account of the fact 
that the beams are not homogeneous in wave length but they contain a distri- 
bution (9) which is more highly dispersed in the (1, 1) than in the (1, 0) 
branches. The maximum of intensity on the plate in the (1,0) branches of the 
normal incidence patterns should fall, according to these considerations, at a 
distance S from the central spot equal to 0.408 1], where / is the distance 
between the crystal and the plate. The calculated position of maximum in- 
tensity in the (1, 1) branches is at S=0.589 1. 

The ratio of intensities at these two points of maximum intensity is found 
from (9), (10) and (15) to be 


dl dl ls > , r\o 
(—) (|) = (Ui + Us)?/6.3(Uui — Un). (16) 
ds ll 10 


ds 


The actual measurements carried out by means of the photometric technique 
described in the previous paragraph give a value of this ratio of about 1/6 
with the possibility of an error of 100 percent or more arising not only in the 
unreliability of the method of calibration but also from the faintness of the 
1, 1 branches. Although this inaccuracy of measurement renders a quantita- 
tive determination of U,;/U, impossible, the assumption of spherical sym- 
metry of the U’s leads to a small value of this ratio. The same conclusion 
results from a consideration of the great intensity in the 1, 0 orders where the 
contributions to the amplitude from the two ion types is 180° out of phase. 
From these measurements it is not necessary to conclude that the scattering 
power of an ion is definitely less in the 1,1 direction than in the 1,0 direction 
as Estermann and Stern found from the extremely small intensity which they 
observed in the (1,1) beams, although this conclusion would be necessary if 
a more accurate determination of the ratio (16) leads toa value greater than 
1/6. 


DIFFRACTION BY A SECONDARY LATTICE OF WIDE SPACING 


In addition to the spectra which have been described, arising from the sur- 
face array of ions, another type of spectrum of very low dispersion appeared 
on the plates. This type of spectrum was first noticed on a plate exposed at 
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45° incidence in the 100 azimuth where it appeared as a slight smearing of 
the specular beam in the plane of incidence. Later the same phenomenon was 
noticed on the plates exposed at 45° incidence in the 110 azimuth and in this 
case the spectra took the form of a blurred Y extending out from the specular 
beam. These features may perhaps be distinguished in Figs. 6 and 7, An 
exposure at grazing incidence in the 100 azimuth increased the dispersion in 
this spectrum as shown in Fig. 10 but failed to separate the maximum of the 





Fig. 10. Secondary structure spectrum at grazing incidence. 


wave length distribution from the specular beam. It has been pointed out’ 
that this spectrum indicates the existence of a secondary periodicity on the 
crystal surface parallel to the 100 planes in agreement with the theory of 
Zwicky.*® Work is now under way to increase the resolving power in this 
spectrum with the hope of measuring the constant of the secondary lattice. 

The writer wishes to take this opportunity to acknowledge his indebted- 
ness to Mr. C. K. Boyer and Mr. M. A. Roesch, both of the Drexel Institute, 
who have assisted in this work. 


* T. H. Johnson, Phys. Rev. 37, 87 (1931). 
* Zwicky, Helvetica Physica Acta II], 269 (1930). 
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ABSTRACT 

Measurement of the intensity of scattering of x-rays by various gases has been 
made for scattering angles between 10° and 90°. Soller slits were used te get a well- 
detined scattering angle and matched filters of ZrO» and SrO were used to isolate the 
Ka lines of molybdenum. Intensity measurements have been made for hydrogen, 
helium, oxygen, neon and argon. All the measurements were put on the same scale 
by comparison of the intensity of scattering from the various gases with the scatter- 
ing from hydrogen at 90°. This is equivalent to putting the intensities on an ab- 
solute scale since the scattering from hydrogen at 90° can be calculated with con- 
siderable certainty. Values of the structure factors for neon and argon were calcu- 
lated and comparison made with those determined from wave mechanics for similar 
atoms 


INTRODUCTION 


N VIEW of Compton's! recent theory for determining the electron distribu- 

tions in atoms from the angular distribution of intensity of x-rays scattered 
from monatomic gases it was thought desirable to get more complete experi- 
mental data. 

Barrett? in 1928 published data for the scattering of x-rays from most of 
the gases included in this paper. He measured the intensity as a function of 
angle but no attempt was made to get absolute intensity measurements. 

In the work reported here a more definite scattering angle has been ob- 
tained by the use of Soller slits, x-rays made homogeneous by the use of 
balanced filters have been used wherever the intensity permitted, and all the 
measurements have been put on the same scale by comparing the intensities 
from the various gases with that from hydrogen. This is equivalent to putting 
the intensity measurements on an absolute scale since the scattering from 
hydrogen at 90° can be calculated with considerable certainty. 


APPARATUS AND PROCEDURE 


The set-up is shown in the diagram Fig. 1. A molybdenum target x-ray 
tube was operated at 40 kv peak and 35 m.a. with full-wave rectification. The 
tube was immersed in oil in a lead box fitted with a lead glass front. A small 
celluloid window within 2 mm of the tube transmitted the primary beam with 
only a small reduction in intensity due to the 2 mm of oil. This arrangement 


1 A. H. Compton, Phys. Rev. 35, 925 (1930). 

?C.S. Barrett, Phys. Rev. 32, 22 (1928). Measurements of the relative scattering of hy- 
drogen and Argon have been made by Herzog but not with homogeneous radiation. G. Herzog 
Helvetica Phys. Acta 2, 169 (1929). 
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allowed the tube to be brought very near the spectrometer and the intensity 
was considerably greater than would have been possible with the tube in air. 

The intensities were measured with an ionization chamber and a Comp- 
ton electrometer with which currents of 5X10~-" amperes could be measured 
with a reproducibility of about five percent. 














Fig. 1. Arrangement of apparatus. 


The scattering chamber is shown in Fig. 2. It was made from a brass tube 
5.5 inches in diameter, 3 inches high and having 1 8 inch walls. The top and 
bottom were 0.5 inch steel plates grooved and fitted with rubber gaskets and 





Fig. 2. Scattering chamber. 


held in position by three bolts as shown. The windows were of 0.7 mm cellu- 
loid 2 cm high. They were screwed down on rubber gaskets and picein wax 
used where it was found necessary. The base was fitted to the spectrometer 
table so it could be removed and replaced without affecting the readings. The 
top contains a gauge, an oxygen tank connection, a needle valve for the cham- 
ber and a side tube for evacuating the chamber and the leads. The chamber 
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Was partially filled with sealing wax as shown in Fig. 1, and lined with lead. 
This cut the volume to about 250 cc and acted as a shield for the diffusely 
scattered X-rays. 

The chamber was found to be very satisfactory as pressures of 200 pounds 
were used with a leak of only a few percent per week and the corrections for 
scattering from the evacuated chamber were almost negligible. 

Reference to the diagram will show the arrangement of the chamber and 
the slit svstem. Soller slits were used to collimate the primary as well as the 
scattered beam. These slits allowed a maximum angular divergence of less 
than 2° in the horizontal plane. Slit S; was 3 mm wide and 1 ¢m high. Slit 
Ss was 1 em high and could be varied in width to 1.5 cm. Besides detining the 
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scattering angle the second slit served the additional purpose of determining 
the scattering volume. With this slit remaining constant the scattering vol- 
ume was proportional to sin @. The height of the slits S; and S. made the 
actual scattering angle slightly larger than indicated on the spectrometer 
circle. It was necessary to make correction for this on the readings between 
10° and 30°. 

The Ka lines of molybdenum were separated out by the balanced filter 
method.’ A filter of ZrO, containing about 0.025 gm per cm? was balanced by 
a filter of SrO so that less than five percent of the radiation corresponding to 
the difference of these filters lay outside of the range between the K critical 
absorption edges of Zr and Sr. A curve showing the transmission by these 


8 P. A. Ross, Phys. Rev. 28, 425 (1926). 
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filters is shown in Fig. 3. The shaded portion represents the difference of the 
transmission by the two filters. The filters were additionally tested by meas- 
uring the absorption coefficient of aluminum which gave a straight line when 
log (Io/I) was plotted against thickness. It is very important that these fil- 
ters be well balanced so that reliable corrections for absorption can be made 
when elements like argon are compared with oxygen. 

Since some of the gases were originally at atmospheric pressure it was 
necessary to construct a pump to put them into the chamber at the desired 
pressure. Fig. 4 shows the construction of the pump. The cylinders were of 
seamless steel tubing with welded bottoms and top and connecting tube. The 
rest was constructed mainly from iron pipes and connections. The vertical 
pipe was cut through at two places and a glass tube waxed inside to make the 
mercury level visible. With valve B closed and all the others open the system 
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Fig. 5. Curve I hydrogen, Curve II helium. 


could be evacuated through valve D. Closing valve D and breaking the tip in 
the glass container by means of the electromagnet, the gas expanded into the 
upper cylinder of the pump. By closing valves C and F the gas could be 
forced into the scattering chamber by applying the oxygen tank pressure at 
valve E. With repeated pumping it was necessary to draw the mercury back 
into the lower container by applying the vacuum pump at F. 


HYDROGEN 


The hydrogen used in this experiment came from a tank especially pre- 
pared and analysed by Burdett Oxygen Company and found to have less than 
0.1 percent oxygen and CO, and 0.07 percent water vapor by volume. After 
scattering measurements had been made on the gas the density was measured 
by weighing and no additional impurities were found to be present. The 
scattering chamber connected directly to the hydrogen tank, was evacuated 
together with all the leads, flushed out several times and filled to about 200 
pounds pressure. It was then placed in position on the spectrometer table 
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and the scattered intensity measured from 10° to 90°. Even at 200 pounds 
pressure, however, it was necessary to use general radiation in place of the 
balanced filters. Curve I, Fig. 5 shows the scattering per electron corrected 
toA\=0.71A plotted against ¢. On the basis of the classical theory of scatter- 
ing the value of S=J/,/Z/, for hydrogen would be unity at 90°. The fact that 
practically all the intensity scattered at 90° from hydrogen is modified will 
make the experimental value at this angle slightly lower than unity. The 
Breit-Dirac relation may then be used 


Selass = Smod {1 + ¥ vers | *. (1) 


Placing for 90° Setass-=1, we have thus, S=Syoua.=(1+y vers 90°)-*. For 
\=0.71 A, y vers 90° = 0.0243, whence S=0.91. 

The data included in table I are all based on a value of S for hydrogen 
equal to 0.91 at 90°. To get the classical values of S Eq. (1) must be used.* 


TABLE I. Scattering per electron. }=0.71A. 











Angle Hydrogen Helium Oxygen Neon Argon 
10° 8.05 8.55 13.90 
15° 1.27 1.45 4.90 6.87 10.65 
20° 1.10 1.34 2.96 5.16 8.50 
25° 1.03 | 2.00 3.85 6.35 
30° 1.00 1.20 1.72 3.11 §.23 
40° 0.98 1.08 1.43 2.04 4.15 
50° 0.97 1.01 1.15 ioe $.a2 
60° 0.95 0.97 1.04 Rae 2.74 
70° 0.93 0.95 1.02 1.24 2.28 
80° 0.92 0.92 1.01 1.18 2.10 
90° 0.91 0.91 0.96 1.06 1.95 








In so far as the scattering per electron from hydrogen is known, the scattering 
from other gases can be put on an absolute basis by comparison with it. Since 
the intensity of scattering from hydrogen is weak and difficult to measure it 
was first carefully compared with oxygen which was then used as a secondary 
standard of comparison. 


COMPARISON OF OXYGEN AND HYDROGEN 


Oxygen and hydrogen were compared several times at 90° using general 
radiation and pressures of about 200 lb/sq. in. for both gases. This involves 
a large correction for absorption for an unknown wave-length. To make this 
correction the intensity of scattering was plotted as a function of pressure. 
The decrease in scattering per gm at 200 lb/sq. in. over that at small pressures 
was taken as the absorption correction. 

Comparison of hydrogen at 200 pounds pressure with oxygen at 40 pounds 
pressure, taking account of the difference in pressure and making only a very 
slight absorption correction, gave results in very close agreement with those 
of the first method. 


* Equation (1) gives the classical value only when all the scattered radiation is modified. 
In the case of oxygen, neon and argon the unmodified radiation must also be considered. 
Compton (ref. 1) has shown how the classical value of S can be gotten in this case. 
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The hydrogen curve was corrected to a wave-length of 0.71A by a method 
shown by the curves of Fig. 6. The curves are: I, hydrogen with general 
radiation; II, oxygen with general radiation; and III, oxygen taken with 
\=0.71A and arbitrarily fitted to the other oxygen curve at 90°. From these 
curves the intensity of scattering from hydrogen for \=0.71A was deter- 
mined. 
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Fig. 6. Curve I hydrogen (general radiation), Curve II oxygen (general radiation), Curve I11 
oxygen (filtered radiation, \=0.71A). 


HELIUM 


The helium came in liter containers at atmospheric pressure and was in- 
troduced into the chamber by means of the mercury pump described above. 
The pressure used was about 115 Ib/sq. in. A number of sets of readings were 
taken and the intensity compared directly with hydrogen. The intensities of 
scattering from hydrogen and helium at 90° were found to be equal within the 
experimental error. Curve II, Fig. 5 shows the scattering per electron from 
helium corrected to \=0.71A in the same manner as for hydrogen. 

In introducing the helium into the chamber about 0.9 percent of air by 
volume entered as an impurity. This was found to be the case by measure- 
ment of the density after the readings had been taken. Correction was of 
course made for this and would not lead to any appreciable error because 
the scattering from air could easily be measured. The data for hydrogen and 
helium are in very close agreement with the results obtained by Barrett. 
Although he obtained no excess scattering from hydrogen his data only ex- 
tended to what corresponds to ¢ = 30° on the above curve. 
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NEON 


Neon was also obtained in liter containers at atmospheric pressure and 
was put into the scattering chamber with the aid of the mercury pump. 

The intensity measurements were made with filtered radiation and a num- 
ber of sets of readings taken. In order not to have to evacuate and refill the 
chamber repeatedly, a sheet of celluloid was used for an intermediate com- 
parison. Comparisons of the intensity from neon were made with the celluloid 
scatterer and then the chamber was evacuated and filled with oxygen and the 
comparisons with the celluloid scatterer again made. Corrections were made 
for the different absorption coefficients, and the results are shown in curve IV, 
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Fig. 7, \=0.71A. Curve I hydrogen, Curve II helium, Curve III 
oxygen, Curve IV neon and Curve V argon. 


Fig. 7. The scattering per electron from neon at 90° is very nearly that from 
oxygen. The neon curve begins to rise at larger angles than does the oxygen 
curve, a difference similar to that between hydrogen and helium. 


ARGON 


The argon used in these measurements was obtained in a tank with about 
0.3 percent impurity. The chamber could be readily filled to any desired pres- 
sure directly from the tank. This gas, however, presented greater difficulties 
than the other gases since its absorption coefficient is so much larger. Fig. 8 
shows the relation between intensity and pressure for argon and oxygen. 
Curves I and II represent respectively the measured intensity from argon and 
oxygen; curves IV and III represent the values after correction for absorption 
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has been made. To make the corrections as small as possible and still get 
sufficient intensity from both oxygen and argon pressures of about 40 to 50 
lb/sq. in. were used. 

In the case of argon, the comparison of intensity with oxygen was done 
directly by taking a number of readings with one gas and then refilling the 
chamber with the other gas with the x-ray tube in operation during the proc- 
ess. Several of these comparisons were made and the pressures varied some- 
what to make the absorption corrections more certain. 

It is noticeable that in argon the scattering per electron is considerably 
larger than for the other gases. This would correspond to a greater electron 
density near the center of the argon atom. 
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Fig. 8. Curves I and II represent respectively the measured intensity from argon and oxygen 
curves. Curves IV and III represent the values after correction for absorption has been made. 


ERRORS 


The largest errors involved in measuring the scattering per electron would 
probably be those of comparing the scattering from one gas with that of 
another. In the case of the comparison of the intensity of scattering from 
hydrogen with that from oxygen the probable error from the mean was about 
1 percent. It is likely that there are other errors such as uncertainty of wave- 
length, measurement of pressure and corrections for absorption which would 
also amount to about 1 percent. This would mean that the scattering from 
oxygen would probably be correct to about 2 percent. In comparing neon and 
oxygen, considering the probable error already mentioned, the uncertainty 
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in the neon data would be of the order of 3 percent. In argon the large correc- 
tion for absorption would probably increase the uncertainty to about 4 or 5 
percent. In the case of hydrogen and helium the probable error of any point 
of the curve was about 2 percent. 


STRUCTURE FACTOR 
Calculation of the structure factors for neon and argon have been made 


from the relation given by Compton 


ee be, tame 
Paz! (2) 


where S is the classical value of the scattering per electron, Z is the atomic 
number and F the structure factor. The values thus calculated are given in 
Table II. In order to make comparisons between these data and the structure 


TABLE II. Structure factor. 





























Neon Argon 
sin @/2 
p ( “y ) Sctass F Sciass F 
ny 
10° 0.123 8.55 9.16 13.90 15.63 
=" .190 6.87 8.08 10.65 13.53 
20° . 245 5.16 6.80 8.50 11.93 
25° .306 3.86 5.64 6.36 10.10 
30° 365 3.32 4.86 5.26 9.00 
40° .482 2.06 3.43 4.17 7.77 
50° .596 1.56 2.49 3.a0 6.69 
60° . 704 oad 2.02 2.79 5.84 
70° .808 1.30 1.80 2.34 5.06 
80° .905 1.26 1.70 2.18 4.72 
90° .995 tae t.ae 2.05 4.49 





factors calculated from crystalline reflection it is necessary to correct the lat- 
ter for the effect of thermal agitation which does not affect the intensity of 
x-rays scattered from gases. 

Some very interesting comparisons have been made by James and others*® 
between the crystal reflection data at low temperatures and the structure 
factors calculated from Hartree’s wave mechanics solution of the charge dis- 
tribution in the K*, Cl- and Nat ions. Making temperature corrections and 
assuming the existence of zero point energy they get structure factor curves 
which are in good agreement with the theoretical curves. 

The values of F from Table II are plotted in Figs. 9 and 10 together with 
F values from wave mechanics taken from the above mentioned papers. 

In Fig. 9 the solid line represents the F curve for Nat calculated from wave 
mechanics and the broken line represents the F values for neon. From a con- 
sideration of equation (2) the reason for the apparently large inaccuracies in 


* R. W. James and Brindley, Proc. Roy. Soc. A121, 155 (1928). 
5 R. W. James, I. Waller and D. R. Hartree, Proc. Roy. Soc. A118, 343 (1928). 
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the values of F when S is nearly equal to unity can be seen. For neon at (sin 
@/2)/X= 1.00 an error of 2 percent in S gives rise to an error of 9 percent in F. 

A more significant comparison between theory and experiment is shown 
in Fig. 10. The curve represents the average of the F values for Kk* and Cl- 
determined from wave mechanics. The circles give the F values from Table 
II for argon. The agreement is seen to be very satisfactory. 

As has recently been shown by Compton‘ a comparison of these data with 
that determined from reflection from a crystal of KCI and corrected to O°IK 
gives a good experimental check of the existence of zero point energy. 

CONCLUSION 

These data furnish a significant check of Compton's recent theory of the 
intensity of x-rays scattered from gases and the use of these data for the 
determination of electron distribution in atoms. The agreement between the 
F curves of argon and those determined from wave mechanics and also from 
crystal reflection should give more confidence in the use of these methods for 
determining the distribution of charge in the atom. 

A comparison of the F curves determined by these three methods is also a 
further check on the existence of zero point energy. 

Calculation of the electron distribution curves from these data are now in 
progress. 

In conclusion the author wishes to express his appreciation to Professor 
A. H. Compton, who suggested this problem, for his continued assistance in 
its solution. 


¢ A. H. Compton, Phys. Rev. 37, 104 (1931). 
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INTERACTION OF X-RAYS WITH BOUND ELECTRONS 
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ABSTRACT 

I. Change of wave-length of scattered x-rays. A previous analysis of scattered 
x-rays in this laboratory by means of the double crystal spectrometer showed fine 
structure in both the unmodified and modified lines. These fine structure lines were 
interpreted as being due to absorption of an amount of energy equal to the binding 
energy of the electrons in the scattering substance. Since then, other experimenters 
have failed to observe this phenomenon in scattered x-rays. The earlier work has been 
repeated using measuring apparatus having greater stability and sensitivity but with 
experimental conditions for producing the scattered radiation as nearly as possible 
like those of the earlier experiments. No fine structure was found though a line of in- 
tensity greater than 10 percent of molybdenum Ka unmodified could have been de- 
tected. 

II. Change of wave-length without scattering. A change of wave-length ascribed 
to this type of phenomenon without scattering has been reported by B. B. Ray and 
R. C. Majumdar. A number of experiments have been performed in an attempt to 
detect a change of wave-length of this type due to partial absorption of molybdenum 
Ka; and copper Ka» characteristic rays in the K-level of carbon. No indication of 
a modified line was found though a line of smaller intensity than that of the lines re- 
ported could have been detected. Two possible sources, other than a change of wave- 

length, are suggested which may give rise to lines of the type reported. 


I, CHANGE OF WAVE-LENGTH OF SCATTERED X-RAys 


ISCUSSION. Spectroscopic analyses have in general shown that when 

monochromatic x-rays are scattered by matter, the scattered radiation 
consists of two wave-lengths.' An unmodified line appears, having the same 
wave-length as the incident radiation and a modified line for which the wave- 
length separation from the unmodified is given by the Compton theory of 
scattering by free electrons and is 


5A = h/mc(1 — cos ¢) (1) 


where /: is Planck’s constant, m the mass of an electron, c the velocity of light 
and ¢ the angle of scattering. A theory of scattering by bound electrons was 
proposed by A. H. Compton! in 1924. For the special case in which the recoil 
electron has zero kinetic energy, the theory predicts wave-length changes 
given by 
x2 
i = ——— (2) 
A, — A 

where X is the wave-length of the incident radiation and X, the critical ab- 
sorption wave-length of the level from which the bound electron is ejected. 


1A, H. Compton, X-Rays and Electrons, Chapt. IX. 
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An analysis of scattered x-rays in this laboratory by means of the double 
crystal spectrometer which gave greater resolution than was hitherto possible 
with the single crystal methods, gave results which indicated fine structure in 
both the unmodified? and modified’ lines. The change of wave-length for the 
fine structure lines found in the unmodified characteristic molybdenum 
Ka, x-rays scattered at 90° by carbon, beryllium, and aluminum, agreed with 
that given by Eq. (2). In the case of beryllium, an “anti-Stokes” line was ob- 
served but no line in the position of Ka;. Similar fine structure lines were re- 
ported in the modified radiation scattered by carbon at 155° and beryllium 
163°, the wave-length change being given by 


9 


dA = h/mc(1 — cos ¢) + ——— (3) 
AX —A 
except that using the estimated angle of scattering, ¢, the constant //mc was 
found to be about 9 percent less than the theoretical value. These fine 
structure lines were no broader than in the unmodified in spite of the large 
divergence in @. 

Since then, Ehrenberg,‘ Coster,> and Kast,® using single crystal spectro- 
graphic methods failed to observe this reported phenomenon. More recently, 
the question of scattered radiation was investigated by Bearden,’ and Gin- 
grich,® using double crystal spectrometers without finding any indication of 
fine structure. Bearden analyzed copper Ka,» and silver Ka;.2 scattered by 
graphite and aluminum, and Gingrich, molybdenum Ka; 2 scattered by gra- 
phite. They each observed the Ka;,2 modified lines and found the wave- 
length separation from the unmodified to be accurately given by Eq. (1), the 
constant h/mce agreeing with the theoretical value within experimental error. 

About the same time, the author repeated the earlier work done in this 
laboratory using measuring apparatus having greater stability and sensitiv- 
ity but with experimental conditions for producing the scattered radiation as 
nearly as possible like those of the earlier work. A brief description of the 
experiments is given in the following. 


Apparatus and method. A double crystal spectrometer of the type devel- 
oped here, with both crystals set for first order reflection, was used to analyze 
the scattered radiation. Two slits, 43 cm apart, 15 mm high, and 7 mm wide, 
defined the direction of the scattered beam with a third slit between the crys- 
tals. Power was supplied at 125 volts and 500 cycles to a three kilowatt oil- 
immersed transformer and the high potential current rectified by means of 
two kenotrons and a large condenser. The voltage was read on an electro- 
static voltmeter. 


2 B. Davis and D. P. Mitchell, Phys. Rev. 32, 331 (1928); D. P. Mitchell, Phys. Rev. 33, 
871 (1929), 

3B. Davis and H. Purks, Phys. Rev. 34, 1 (1929). 

4 Ehrenberg, Zeits. f. Physik 53, 234 (1929). 

5 Coster, Nature 123, 642 (1929). 

® Kast, Zeits. f. Physik 58, 519 (1929). 

7 J. A. Bearden, Phys. Rev. 36, 791 (1930). 

8 N. S. Gingrich, Phys. Rev. 36, 1050 (1930). 
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The ionization chamber consisted of two aluminum cylinders, 10 cm long 
and 4 cm in diameter, one at positive and the other at negative potential, 
suspended inside a grounded brass box. The central collecting rods in each 
were connected together and to the lead from the insulated quadrants of the 
electrometer. There are thus two ionization chambers connected so that the 
ionization currents in the two are in opposite directions and tend to balance 
each other. The leak in each chamber due to natural ionization was almost 
zero. To minimize the irregularity in the electric field produced by the 
grounded case, an aluminum cap was placed over the end of each cylinder 
with a window 2 cm high and 1 cm wide corresponding to a similar pair of 
windows in the grounded case. The x-ray beam entered one window while in 
front of the other was placed a small radio-active source behind a shutter. 
The chamber was filled with methyl bromide to absorb the rays. 

The sensitivity of the electrometer was 11,000 mm per volt at 1 meter. 
The capacity of the system as measured with a string electrometer was 38 
e.s.u. distributed as follows: 10 e.s.u. each for the ionization chamber and 
electrometer with the remaining 18 e.s.u. in the shielded lead wires between 
the two. 

The method of measurement was as follows. The shutter was adjusted 
until the ionization current produced by the radium source just balanced that 
due to the background radiation. Rocking curves of the unmodified Ka;,» 
scattered rays were taken by timing the drift over a definite part of the scale. 
The width at half maximum of these curves was always between 20 and 25 
seconds. Then a careful search was made to detect the existence of any other 
lines by insulating the grounding key for a definite time, say 10 minutes, for 
each setting of the second crystal and noting the drift if any during that 
time. Compensation for large backgrounds is unsatisfactory but for the small 
amount of background radiation present in these experiments, the method 
proved quite successful. The stability of the system was remarkably good, 
the drift from the zero position never being greater than 3 divisions during the 
10 minutes for each reading. 


Scattering from carbon at 90°. A cylindrical tube 6.5 cm in diameter with 
a molybdenum target was placed just out of line of the slits so that no radia- 
tion scattered by the glass could pass through. The tube operated steadily at 
62 milliamperes and 45 kilo-volts. Both graphite and paraffin blocks were 
used to scatter the x-rays and were placed along side of the tube so that the 
average angle of scattering was about 90° with a fairly large divergence. 
When paraffin was used, a stream of cold air was blown against it continu- 
ously to keep it from being melted by the heat from the tube. In no case was 
there any indication of a line other than the unmodified Ka, 2 lines though the 
method was sufficiently sensitive to detect a line of intensity greater than 10 
percent of the unmodified Ka, line. With the radium source removed, read- 
ings were taken with and without the carbon, everything else remaining the 
same. The ionization current was zero with the carbon removed, showing that 
all the x-rays entering the ionization chamber came from the carbon. 
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Carbon at 150°, beryllium 154°. A tube was built with molybdenum target 
and graphite scattering element inside as closely similar as possible to the 
tube used in the original investigation? of fine structure in the Compton effect. 
The focal spot was 5 mm wide and 9 mm long and faced a small graphite 
block supported about 2 cm from the center of the spot. This gave a large 
divergence in scattering angle, the average being about 150° with a plus or 
minus divergence of about 15°. A similar tube had a beryllium scattering ele- 
ment with an estimated scattering angle of 154°+18. The anode in each tube 
was tilted sufficiently toward the scattering block to insure against any 
possibility of direct radiation from the molybdenum target and was out of 
line of the slits so that no radiation from the copper anode itself could come 
through. This was checked by a photographic method. Curves for the 
Kay. lines scattered by graphite were similar to those found for 90° scatter- 
ing, with no indication of fine structure. An unmodified line of very small 
intensity was observed from beryllium with no indication of an “anti-Stokes” 
line. A curve for the modified radiation was not taken in either case but a 
search was made in the position where the fine structure lines were originally 
observed without finding any indication of them. The modified radiation 
apparently formed a very broad hump as would be expected from the diver- 
gence in scattering angle. 


II. CHANGE OF WAVE-LENGTH WITHOUT SCATTERING 


Discussion. A change of wave-length ascribed to this tvpe of phenomenon 
has been reported by B. B. Ray® at zero angle of scattering, his conclusion 
being that a change of wave-length of x-rays on traversing matter does occur 
but without change of direction. He passed x-rays from a metal tube with 
tungsten filament through carbon soot and air and photographed the trans- 
mitted radiation with a Siegbahn spectrograph with calcite crystal. Besides 
the lines to be expected, several broad and diffuse lines appeared each time 
on the photographic plate and were interpreted as being due to a change of 
wave-length of the characteristic lines caused by absorption of an amount of 
energy equal to that necessary to raise an electron from the K-levels of car- 
bon, nitrogen, and oxygen, to a higher level or remove them from the atom 
with zero velocity. Lines due to a similar absorption in the L-levels would be 
expected but could not have been detected with the apparatus. A variety of 
characteristic wave-lengths was used, all showing the same effect. R. C. 
Majumdar,’® working in the same laboratory, has reported a similar effect 
due to partial absorption of characteristic x-rays in the ZL, level of aluminum. 

The following considerations indicate the factors which are important in 
testing the existence of this phenomenon in the presence of continuous radia- 
tion. Suppose monochromatic radiation of frequency v, and intensity J, falls 
on a thickness of matter d. Assuming the particular type of absorption men- 
tioned above, the amount of radiation emerging from the matter with 


* B. B. Ray, Nature 125, 746 and 856 (1930); Nature 126, 399 (1930); Zeits. f, Physik 66, 
261 (1930). 
10 R. C. Majumdar, Nature 127, 92 (1931). 
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modified frequency v’ = (v—»;.) where »; is the critical absorption frequency of 


the K-level, would be: 
e’-w)d — | 
[' = brews} (4) 
fs —-sf 


where uw is the linear absorption coefficient for radiation of frequency v, py’ 
that for radiation of frequency v’ and k the linear absorption coefficient for 
this particular type of absorption in the K-level. The absorption due to 
modification of the frequency v’ itself has been neglected. Taking p=yp’, 
which is approximately true, (4) reduces to 


I' = ki de, (5) 


This is a maximum for d=1/ which would be the optimum thickness to use 
if no continuous radiation were present but this is not the case in the experi- 
ments under discussion. The continous radiation is absorbed in the usual way 
though it is not affected to any extent by the type of absorption under con- 
sideration and if J, is the incident intensity of the continuous in the region of 
frequency v’, then its intensity on emerging is J,e~**. Thus the ratio R, of the 
modified line to the background in its neighbourhood, which determines the 
contrast on the photographic plate is: 


R = kdlI/I, (6) 


and is directly proportional to the ratio 7/J, and the mass of absorbing mate- 
rial. Conversely, knowing the amount of absorption produced by the absorb- 
ing material and the ratios 7/7, and R, one gets the ratio of the intensity of an 
observed modified line, or of one which might be observed, to the intensity o 


the incident radiation producing it. This is given by . 
I’ 1 _ 
a in R:-——-e ud. (4) 
I T/T, 


To test the existence of this phenomenon, the following requirements 
should be observed: 


(1). The mass of material producing the effect should be as large as possible. 
This is, of course, limited by the time of exposure and the intensity of the 
radiation. 


(2). The ratio 7/J, should as far as possible be a maximum. This is deter- 
mined for the most part by the operating voltage which should be high since 
the ratio increases with the voltage. Impurities in the target reduce this ratio 
and also extraneous scattered radiation if the plate is not properly shielded. 


(3). To eliminate errors, photographs should be taken with and without the 
absorbing material in place before concluding that any lines observed are 
produced by its presence. 


When a fixed crystal method is used, with a single narrow slit to give re- 
solution and the x-ray beam having the necessary divergence in angle for 
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reflection of different wave-lengths, each wave-length comes from a different 
part of the target and errors may arise if the distribution of intensity over the 
target is not uniform. A pin-hole and a narrow-slit photograph of the target 
of one of the x-ray tubes with coil filaments used in this laboratory is shown 
in Fig. 1 and shows clearly the image of the filament coils on the target. 
Similar photographs of the targets of many other tubes were taken and 
showed widely different patterns, the particular distribution of intensity 
depending on the shape and position of the filament, filament cup, and anode. 
In no case was the distribution of intensity uniform. After reflection of the 
x-rays from a crystal, the characteristic lines appear on a background having 
the same pattern as that given by a narrow slit photograph of the target. If 
the distance from the narrow slit to the photographic plate is short enough, in 
comparison with the distance to the target, lines, not much broader than the 
characteristic lines, might appear on the plate and be erroneously interpreted. 
The tube used by Ray was of the heated filament type and it is possible that 
the lines observed by him, in every case broad and diffuse, were really due to 
lines in the target which accidentally appeared in a position where they might 
be given the interpretation he gave them. Also if the narrow slit is not close 
to the crystal, each wave-length is reflected from a different part of the crys- 
tal and there is the possibility of error due to imperfections in the crystal face. 
No statement was made as to whether or not photographs were taken with 
and without the absorbing material in place or other precautions taken to 
eliminate the possibility of such errors. 

In the discussion Ray has assumed, without explaining how he arrived at 
the figure, that the intensity of the new lines, as compared with that of the 
primary, is only of the order of one in 400 or 500. However his photographs 
show that the intensity of these new lines above the background is at least as 
intense as the background (i.e. R21) and since the ratio of the intensity of 
the primary line to the background (J /J;) is not likely greater than 50, Eq. (7) 
requires that the amount of absorbing material must have been sufficient to 
absorb 90 percent of the incident rays. The mass of absorbing material has 
not been given but it is unlikely that the amount of nitrogen and oxygen in 
which the rays were absorbed, was sufficient to produce this amount of absorp- 
tion. In such case, the intensity of these lines, as compared with that of the 
primary, would be greater than that given above. 

The experiments described in the following were carried out in an attempt 
to observe a change of wave-length of this type due to partial absorption of 
molybdenum Ka, and copper Ka,,2 characteristic rays in the K-level of 
carbon. 

Absorption of molybdenum Ka; in carbon. The change of wave-length 
predicted for x-rays which suffer absorption of the type considered was given 
by Eq. (2). For molybdenum Ka; absorbed in the carbon K-level this change 
would be about 11X.U. The modified wave-length would have a reflection 
angle from a calcite crystal 6.5 minutes greater than MoKa. 

An x-ray tube with molybdenum target, thin glass window, and line focus, 
was operated at 25 milliamperes and 52 kilovolts peak voltage. Two slits, 
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0.05 mm wide and 76 cm apart, defined the x-ray beam. A calcite crystal 
mounted on a spectrometer table with a crystal rocking device reflected the 
rays to a photographic plate, placed at a distance of 2.4 meters and carefully 


= 





Fig. 1. Pinhole and narrow slit photograph of the target of an x-ray tube with coil filament 
showing the image of the filament coils on the target. 


shielded from scattered radiation. This formed a system with high resolving 
power. The Ka; and Kaz lines were separated by a distance of 3.5 mm on the 
plate. Compressed lamp black was used to absorb the x-rays and was placed 
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Fig. 2. Photograph taken with molybdenum target, carbon absorbing material and crystal 
rocking device to reflect radiation in the neighborhood of a line which would be produced if 
MoKa were partly absorbed in the K-level of carbon. 


Fig. 3. Microphotometer curve of one of the plates similar to that shown in Fig. 2. 
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in front of the slit nearest the tube. It was found experimentally that the 
lamp black absorbed 85 percent of MoKa;, and that the ratio 7/7, was 57. 

After the crystal had been adjusted and the positions for reflection of Ka; 
and Kay, carefully determined, the method of procedure was as follows: With 
the carbon in place, short exposures of Ka; and Kaz were taken to give two 
reference lines on the plate. Aa, was usually exposed for about 15 minutes 
and Kay, 30 minutes so that the two lines would have approximately the same 
intensity. The crystal was then turned through an angle of 6.5 minutes from 
the setting for Ka; and the crystal rocking device set so that the crystal was 
rocked over a range of 4 minutes, covering 2 minutes on each side of this 
central position. Exposures were then taken for periods between 65 and 95 
hours. 

One of the photographs is shown in Fig. 2. The plates were projected on a 
screen under high magnification and microphotomet:r curves of two plates 
were taken but in no case was there any indication of a modified line. One of 
the microphotometer curves is shown in Fig. 3. A line of intensity 50 per- 
cent greater than the intensity of the background could easily have been ob- 
served. By Eq. (7), the intensity of such a line, as compared with that of the 
incident primary radiation, is one in 750. 

The double crystal spectrometer was also used in a search for this modified 
wave-length. Direct radiation from a molybdenum tube, operating at 7 
milliamperes and 37 kilovolts, was passed through the compressed lamp black. 
The ratio JJ, in this case was 75 and a line of intensity 15 percent greater 
than the continuous radiation could easily have been detected but no indica- 
tion of such a line was found. In this case then, the intensity of a line that 
could have been observed as compared with that of the primary is, by equa- 
tion (7), one in 3000. 

Absorption of copper Ka,» in carbon. The change of wave-length pre- 
dicted for copper Kay, undergoing this particular type of absorption in the K- 
level of carbon, is about 55 X.U. and the reflection angle from a calcite crystal 
for this modified wave-length would be 33 minutes greater than for Ka,. In 
this experiment the crystal rocking method was not used. Pin-hole and nar- 
row slit photographs of two tubes with copper targets showed them to be un- 
suitable for a fixed crystal method. One target however showed a band of 
uniform intensity which was suitable for the purpose provided the rest of the 
target was blocked out. This was done by means of two slits 20 cm apart. 
The slit nearest the lead box was 0.04 mm wide and the width of the other 
slit and the position of the tube, were adjusted until the radiation coming 
through formed a beam of uniform intensity with a divergence of about 44 
minutes. 

The tube was operated at 30 milliamperes and 52 kilovolts peak voltage. 
The carbon used was a uniform slab of graphite of a thickness which absorbed 
70 percent of the Ka rays. It was interposed in the beam at the slit nearest 
the tube. The photographic plate was placed 75 cm from the crystal and 
was carefuly shielded so that no radiation could strike it except that from the 
crystal. 
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The central positions of the crystal for reflection of KB and Ka,» were 
determined. Then with the graphite in position short exposures were taken 
of KB and Ka; 2 and a 24-hour exposure taken with the crystal set at an angle 
33 minutes greater than the central position for reflection of Ka). Photo- 
graphs were also taken without the graphite in place and were exactly similar 
to those taken with. In no case was there any indication of a line. The 
method was however not entirely satisfactory since each wave-length was 
reflected from a slightly different portion of the crystal and the band on the 
plate was somewhat patchy due to imperfections in the crystal face. One of 
these photographs is shown in Fig. 4. 





Cu Kp 
Cu Kay» 
Cu Kg 
Cu Ka, 


Fig. 4. Photograph with carbon absorbing material and fixed crystal, using the radiation 
from only that portion of a copper target which gave uniform intensity. Narrow slit was 25 cm 
from crystal. 

Fig. 5. Photograph similar to that shown in Fig. 4 except that narrow slit was 
close to crystal. 


This objectionable feature was eliminated from the next set of photo- 
graphs. The slit nearest the tube was reduced in size to 0.04 mm. In order 
that the divergence in angle from the small portion of the target giving uni- 
form intensity, be large enough to give a band of the desired width on the 
photographic plate, the distance between slits was reduced to 5 cm and the 
tube moved up as close to the opening in the lead box as safety would permit. 
The width of the slit nearest the tube, and the position of the tube, were ad- 
justed until the radiation coming through was only that from the portion of 
the target which gave uniform intensity. The short distance between slits 
made this difficult but it was finally accomplished. The divergence in angle 
of the beam was this time about 28 minutes. Each wave-length was reflected 
from closely the same part of the crystal and conditions were very favorable 
for observing a modified line. 

Photographs were taken with and without the carbon in place as an added 
precaution against error, the time of exposure varying between 20 and 35 
hours. One of the photographs is shown in Fig. 5. A microphotometer curve 
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of the band on the same plate is shown in Fig. 6. In every case the band 
was perfectly uniform with no indication of a line. A line of intensity of the 
order of one in 800, as compared with that of the primary, could easily have 
been detected. 

Another set of photographs was taken using the radiation from the 
whole target. The distance from the narrow slit to the tube was small enough 
in comparison with the distance to the plate that any lines in the focal spot 





Fig. 6. Microphotometer curve of band on plate shown in Fig. 5. 


would appear broad enough on the plate that they would not be confused with 
the characteristic lines. One of the photographs is reproduced in Fig. 7. On 
the original, three broad and diffuse lines can clearly be seen in the position 
marked Y due to lines in the focal spot which might cause error, were not 
their true origin known. The tungsten lines are due to evaporation from 
the filament and the nickel lines from the nickel used in spot welding the 








CuK; 
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Fig. 7. Photograph taken with fixed crystal, no absorbing material, and narrow slit close 
to crystal, using radiation from the whole copper target. Three broad and diffuse lines due to 
lines in the target are marked by an X. 


filament cup. Photographs were again taken with the carbon absorbing 
material in place and showed no indication of a modified line due to absorp- 
tion. 

IIT. SUMMARY OF RESULTs 


An analysis, by means of the double crystal spectrometer, of characteristic 
molybdenum Ka, x-rays scattered by carbon and beryllium, has failed to show 
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the existence of fine structure lines due to absorption of an amount of energy 
equal to the binding energy of the electrons in the scattering substance. The 
method was sufficiently sensitive to detect a line of intensity greater than 10 
percent of molybdenum Ka; unmodified. This is in agreement with the re- 
sults of all other experimenters since the fine structure was first reported. 

An analysis of x-rays transmitted through carbon has failed to show a 
similar change of wave-length without scattering, as certain lines observed 
by Ray and Majumdar were interpreted. For molybdenum Ka, absorbed in 
carbon, a line of intensity of the order of 1 in 750, as compared with the inten- 
sity of the incident primary radiation, could have been detected with the single 
crystal method, and a line of the order of only 1 in 3000 with the double crys- 
tal spectrometer. For copper Ka,,: absorbed in carbon, a line of the order of 
1 in 800 could have been detected. In discussing his results, Ray assumed that 
the intensity of the new lines as compared with the intensity of the primary, 
was of the order of 1 in 400 or 500. Thus the present experiments were 
sufficiently sensitive to detect a line of considerably less intensity. Two 
possible sources are suggested which may give rise to lines similar to those 
observed by Ray and ascribed to this absorption phenomenon. 

In conclusion, the author wishes to express his indebtedness to Professor 
Bergen Davis for his interest in this work and for full privileges in his labor- 
atory, and to the authorities of Columbia for a University Fellowship. 
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PHOTOELECTRIC PROPERTIES OF COMPOSITE SURFACES 
AT VARIOUS TEMPERATURES AND POTENTIALS 


By DimirerR RAMADANOFF 


DEPARTMENT OF Puysics, CoRNELL UNIverRsiry, IrHaca, NEW YorK 


ABSTRACT 


Experiments designed to determine the variation of photoelectric current with 
temperature and plate potential for barium photoelectric cells are described. The tech- 
nique used in making the cells is also given. A new method, employing interrupted 
illumination, a transformer coupled amplifier and a cathode ray oscillography, is de- 
veloped for measuring the photoelectric current. In this way the thermionic current 
and currents of slow response are completely eliminated and only the a.c. component 
of the photo-current is amplified. 

Experimental results. With constant plate voltage the photoelectric current in- 
creases gradually with temperature and at about 600°C is nearly twice as large as the 
current at room temperature. As the temperature however is raised from 600°C to 
750°C the increase in photoelectric current for steady illumination is 100-fold while for 
interrupted illumination it is only 17-fold. The smaller increase in the latter case may 
be explained in view of the elimination of all sluggish currents produced by light in 
some secondary way. While the two curves for steady and interrupted illumination 
are similar in appearance, the latter has a maximum at 500°C which resembles very 
much a resonance peak. 

The increase or decrease in photoelectric sensitivity with temperature for com- 
posite surfaces consisting of barium and oxygen on platinum may be explained by the 
diffusion of barium or oxygen on the surface. The increase in saturation voltage of the 
potential-current curves with temperature may likewise be explained by an increase in 
the contact potential brought about by a change in the work function. 


INTRODUCTION 


HE variation of photoelectric current with temperature for both oxides 

and pure metals has been studied by a number of investigators. Mer- 
ritt' found that the photoelectric current obtained by illuminating the oxide- 
coated filaments of Western Electric audion bulbs increased in some instances 
1400 times as the temperature of the filament was raised from that of the 
room to dull red heat. Large increases of photoelectric current with tem- 
perature for filaments coated with various oxides were also reported by Kop- 
pius,? Crew,® Berger, Newbury,’ and others. Similarly for pure metals Du 
Bridge® and Warner’ using platinum and tungsten respectively have measured 
an increase in the photoelectric current with temperature. In all of these 


' E. Merritt, Phys. Rev. 17, 525 (1921). 

2 O. Koppius, Phys. Rev. 18, 443 (1921). 

3 W.H. Crew, Phys. Rev. 28, 1265 (1926). 
4 C. E. Berger, Phys. Rev. 34, 1566 (1929). 
* K, Newbury, Phys. Rev. 34, 1418 (1929). 
6 Du Bridge, Phys. Rev. 29, 451 (1927). 

7 A. H. Warner, Phys. Rev. 33, 815 (1929). 
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instances however, both the oxide-coated and the pure metal filaments were 
poor photoelectric and good thermionic emittors and consequently a number 
of difficulties were encountered. The photoelectric current at room tempera- 
tures was small, while at the higher temperatures the thermionic current was 
large and in most cases masked the whole photoelectric phenomenon. More- 
over in the investigations referred to the photoelectric current was measured 
with no regard to time response, for which Lawrence and Beams‘ have re- 
ported a value of 3X10°* second. Sluggish currents which may have been 
present with the photoelectric current are attributed to the true photo-cur- 
rent. In this connection Bodemann,’ who has studied the photoelectric emis- 
sion from filaments coated with the oxides of Ba and Ca at various tempera- 
tures, has named the increase in photoelectric current with temperature 
“addition current.” This “addition current” he explained as due to the action 
of light on the negative space charge adjacent to the cathode. According to 
this view the “addition current” is to be regarded as nothing else than an 
increase in the thermionic current. Such currents however should be expected 
to have considerable time lag and are hardly to be regarded as true photo- 
electric currents. 

The present investigation was undertaken for the purpose of studying 
the variation of the photoelectric current with temperature for barium photo- 
electric cells with both continuous and interrupted illumination. The barium 
cells were constructed in a manner similar to that described by Case.'°" It 
was felt by the author that the barium cells were particularly suited for the 
study of the above mentioned phenomena not only because they were re- 
markably sensitive to ordinary visible light, but also because Case'® has al- 
ready observed a 100-fold increase in the photoelectric current as the tem- 
perature of the cell was raised to just under dull red heat. The determination 
of the variation of the photoelectric current with temperature with and after 
eliminating all sluggish currents with rapidly interrupted illumination and 
proper filter circuits, forms the chief endeavour of this investigation. 


APPARATUS 


a. Vacuum system. The vacuum system consists of two liquid air traps, 
a two-stage mercury diffusion pump and a Cenco oil pump. No stopcocks 
were used on the high vacuum side. The McLeod gauge which was made 
entirely of glass is sealed between the liquid air traps and the mercury diftu- 
sion pump. The high vacuum side was made as short as possible with tubing 
of large diameter. Pyrex glass was used for the whole system and for con- 
venience it Was mounted on a rigid metal frame. This latter arrangement per- 
mitted a complete torching of the entire high vacuum side before the photo- 
electric cells were made. 


* Lawrence and Beams, Phys. Rev. 32, 478 (1928). 

* E. Bodemann, Ann. d. Physik 3, 614 (1929), 

1 T. W. Case, Phys. Rev. 17, 398 (1921). 

"eT, W. Case, Proc. Am. Electrochem. Soc. 39, 423 (1921). 
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b. Photoelectric cells. In the experiments to be described later several 
cells of slightly different construction were used. The most photoelectric 
typical cells are shown in Fig. 1 and Fig. 2.. The glass of the cell in Fig. 1 is 
made of Pyrex and quartz joined together by means of a graded seal. No 
cement joints were used at any time with the photocells. In this particular 
cell the anode F consists of an oxide-coated Western Electric filament which 
Was spot-welded to two tungsten leads. A thin platinum strip P, about 3 mm 
wide and 2.5 cm long, was similarly welded to another pair of tungsten leads, 
and served as cathode. These latter leads were made of two different sizes of 
tungsten wire. The tiner leads were so selected as to reduce the cooling at the 
ends of the platinum strip which was heated by passing a current through it 


P 





Fig. 1. Diagram of photoelectric cell made of Pyrex and quartz joined with a graded seal. 











Fig. 2. Photograph of a typical photoelectric cell made entirely of Pyrex glass. 


from a storage battery. Provision was made to measure the potential drop 
across the platinum strip in order to determine its temperature. For this 
purpose two fine platinum filaments were welded across the plate and the 
center pair of tungsten leads. All tungsten wires were sealed directly through 
the Pyrex. 

No efforts were spared in thoroughly outgassing the cells before the photo- 
sensitive material was deposited. Three electric ovens were used to bake out 
photocells together with the traps and the few centimeters of adjoining tubing. 
The temperature of the ovens was kept constant at 550°C for more than 24 
hours. In the meantime the McLeod gauge and the remaining glass on the 
high vacuum side were thoroughly torched. During the bake out, the fila- 
ment F and the plate P were heated several times to yellowish-red colour. 
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Great care was also used in preventing any mercury vapor from getting into 
the cell. While the cell and the trap next to it were kept at 550°C, the oven 
of the second trap was removed and liquid air applied. Liquid air was then 
applied to the next trap, and finally the oven of the cell was removed. In 
making some of the cells a charcoal trap immersed in liquid air was used next 
to the cell to improve the vacuum still further. In most cases however the 
burning of thoriated tungsten filaments was found to be most satisfactory. 
With all these precautions taken, the pressure was not greater than 10-7 mm 
of Hg. 

During the process of making the photoelectric cells the functions of the 
electrodes are reversed. The filament F is heated to a temperature of about 
1100°C or more and is used as a source of thermionic current. At the same 
time the platinum strip P is used as anode and its potential with respect to the 
filament is gradually increased to 400 volts or more. For several minutes the 
thermionic current is very small, but as soon as the filament is “activated” or 
“broken down,” the thermionic current increases greatly and the plate voltage 
and filament temperature have to be reduced until the emission current is 
limited to a safe value. Then by varying the plate voltage from 200 to 700 
volts for various filament temperatures a condition is finally reached when 
barium or oxygen, or both begin to evaporate from the filament and deposit 
on the plate. Soon the plate becomes coated with a very thin layer of deposit 
which has a brownish appearance. The plate so coated is remarkably sensi- 
tive to light and is used as the emittor of photoelectrons, while the filament 
serves as collector. That the evaporated material is barium and oxygen on 
platinum seems very likely in view of the recent work of Becker"? who found 
that metallic barium evaporates from an activated oxide-coated filament if 
the temperature is not too high and if the emission current is small. He also 
found that oxygen evaporates if the temperature is high enough and if the 
thermionic current is limited not by space charge but by emission. Since the 
conditions under which the photoelectric cells were made correspond to those 
described by Becker it seems very likely that oxygen and barium evaporated 
either simultaneously or consecutively. In such a case one would expect the 
sensitivity of the cell to vary, in analogy with the thermionic emission, with 
the relative position of barium and oxygen with respect to the platinum. As 
will be seen later this seems to be the case in most of the experiments. If the 
oxide-coated filament is heated during the making of the cell to a very high 
temperature barium oxide evaporates. A cell which was made in this way 
gave no measurable current with the sensitive galvanometer in use. 

At the present time there seem to be two different opinions as to the 
mechanism of production of barium from an oxide-coated filament. One view 
maintains that the oxide dissociates by a thermal reaction, while the other 
view favors the production of barium through electrolysis of the oxide. In 
this connection it may be of interest to mention that a photoelectric cell can 
be made by merely heating the oxide-coated filament i.e. without applying 


#® J. A. Becker, Phys. Rev. 34, 1323 (1929). 
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any voltage. Under this condition however the “breaking down” of the fila- 
ment is rather slow and the temperature to which the filament should be 
heated is much higher. The result is that mostly barium oxide evaporates and 
the cell so made is rather insensitive to light. 

The filaments of most of the photoelectric cells were coated with oxide by 
rubbing barium nitrate crystals on a red hot platinum-iridium ribbon, or by 
dipping the ribbon several times in a solution of barium nitrate. These fila- 
ments were more desirable than the commercial type because the oxide 
coating consisted mostly of barium oxide with traces of strontium and calcium 
oxides. The photoelectric cells which were made with these filaments were 
sensitive, not only to the ultraviolet light but also to visible light. This latter 
feature was particularly desirable because it made the use of the quartz mer- 
cury arc unnecessary. 





Fig. 3. Disk used to interrupt the light falling on the photoelectric cell. 


It was found best to make the photocells after they are sealed off. If a 
cell is made while on the pumps its sensitivity decreases considerably in the 
course of time. This shows how detrimental traces of gases are to the sensi- 
tive material. 

c. Source of illumination. As already mentioned the cells which were 
made with the Western Electric oxide-coated filaments were sensitive only to 
the ultraviolet light and therefore a quartz mercury arc was used for a light 
source. In all cases the total radiation from the light was allowed to fall on 
the cell. The intensity of the light remained remarkably constant after the 
lamp had reached its operating temperature. 


13 For a detailed description of the disk, the amplifier and their use in connection with the 
photoelectric cells and the cathode-ray oscillograph see: “A Method of Studying the Effect of 
Temperature on Photoelectric Currents,” D. Ramadanoff, R. S. I. 1, 768 (1930). 
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For the interrupted illumination™ an incandescent lamp was used. The 
filament of a 500-watt projection lamp was focused on the platinum strip of 
the cell. Between the cell and the source were situated a water cell, a shutter, 
and a revolving disk. The disk shown in Fig. 3 has twenty holes around its 
periphery. The shape of the holes is of the form y=sin’x. It is easy to see 
that the light passing through these holes, as the disk revolves at constant 
speed,will vary sinusoidally and will give approximately a sinusoidal photo- 
electric current superimposed on a d.c. current. Each hole of the disk gives 
a complete cycle of the a.c. wave. 

d. Measuring instruments and method. The photoelectric current was 
measured with two different sets of apparatus both of which are shown dia- 
grammatically in Fig. 4 and Fig. 5. Two galvanometers having current sensi- 
tivities of 2.96 10-'° and 3.4X10~-° respectively were used. The difference 
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Fig. 4. Circuit diagram of photoelectric cell and galvanometer used to measure the current 
produced by steady illumination. 


in the galvanometer deflections obtained with the light on and off were re- 
corded as true photoelectric currents. In most cases the thermionic current 
was not balanced because the photoelectric current was large and was read 
with no difficulty. One of the photoelectric cells which was used in the ex- 
periments gave 0.592 wa saturation current with the plate cold, when the 
light from 150-watt lamp was focussed on the cell. It is evident from the brief 
description of the circuit that with the galvanometer only the total current 
due to light can be measured. Sluggish currents which may be due to light 
in some secondary way cannot be distinguished from the true photocurrents 
which are characterized by a very short time response. 

The circuit in Fig. 5 was designed to eliminate the thermionic current and 
any sluggish currents which may be present, and to amplify only the true 
photocurrents." After two stages of amplification the current is impressed on 
one pair of plates of a “Bedell-Reich Stabilized Oscilloscope,” a visual cath- 
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ode-ray oscillograph. The deflections of the cathode spot indicate on the 
fluorescent screen not only the wave shape of the current but also its magni- 
tude. From measurements of the amplitude of the voltage wave the photo- 
current can easily be determined. A photograph of the a.c. wave as it ap- 
peared on the screen is shown in Fig. 6. In this particular case a disk with cir- 
cular holes was used and therefore the wave shape of the photoelectric current 
is not sinusoidal. 
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Fig. 5. Circuit diagram of photoelectric cell, amplifier and cathode-ray oscillograph used to 
measure the current produced by interrupted illumination. 


The temperature of the photoelectric material was varied by passing va- 
rious currents through the strip. By measuring the potential drop across the 
platinum strip, it was possible to determine its change in resistance and 
therefore its temperature. At the higher temperatures an optical pyrometer 
was used as a check. During the photoelectric measurements the heating cur- 


VV 


Fig. 6. Photograph of a.c. wave as it appeared on fluorescent screen. 


rent was not interrupted since it was found that the oscilloscope deflections 
were the same whether the heating current was on or off provided that the 
temperature of the strip did not change when the photoelectric current was 
measured. The oscilloscope was particularly useful for eliminating this diff- 
culty since the response of the cathode spot is practically instantaneous. 
Such an observation would have been impossible with the ordinary galvano- 
meter or electrometer. It is of interest to notice that this result is contrary 
to the hypothesis of Shenstone! who suggested that the change in photoelec- 


4 A. G. Shenstone, Phil. Mag. 45, 918 (1923). 
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tric sensitivity was due to changes in the metal which were produced by the 
current flowing through it. 


EXPERIMENTAL RESULTS 
A. MEASUREMENTS MADE WITH GALVANOMETER* 


a. Potential-current saturation curves. Fig. 7 shows the variation of pho- 
toelectric current with potential applied between the electrodes when the 
light intensity is kept constant and the photoelectric surface is at room tem- 
perature. The low saturation potential and the reproducibility of the photo- 
electric current with both increasing and decreasing potentials is typical of all 
photoelectric cells used in the experiments. This latter feature is clearly in- 
dicated on the curve with large and small circles, the large circles being used 
for increasing potentials.** It is also easy to see from this curve that the 
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Fig. 7. 


photoelectric current saturates as well as can be expected of a cell with a com- 
posite surface. In the experiments the plate potential was increased to 300 
volts which is about 40 times the saturation potential and produces a gra- 
dient between the electrodes of more than 1000 volts per cm. But even at 
these high potentials the photoelectric current remained substantially con- 
stant. 

In Fig. 8 is shown a family of saturation curves for constant illumination 
and for different temperatures of the photoelectric surface. The values of 
the photoelectric current for increasing and for decreasing potentials are so 
closely identical that they are represented by single curves. The thermionic 
current at the temperatures at which the curves were obtained was either 
small or zero. The saturation potential of all three curves increases with 

* Under this heading the photoelectric current is defined as the difference in galvanometer 


deflections with the light on and off. In all cases the total radiation from the lamp was used. 
** This notation is used for all curves. 
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temperature, i.e., the saturation points are shifted to the right. This experi- 
mental evidence is just the opposite of what has been reported by Crew* 
who found that the saturation potential decreases as the temperature of the 
photoelectric surface is increased. That the shift should be as in Fig. 8 is evi- 
dent from the fact that the contact difference of potential changes with a 
change in the work function. If the thermionic current however is large and 
the emission is limited by space charge then the increase in saturation poten- 
tial with temperature will be greater and will be due partly to the increased 
space charge. 
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Fig. 8. 


From the curve in Fig. 8 it is also evident that the photoelectric current in- 
creases with temperature. This increase in emission can be accounted for 
qualitatively by the relative position of barium and oxygen with respect to 
the platinum. The experiments which were performed to obtain these and 
other curves seem to indicate that the decrease in activity of the photoelectric 
material at room temperature is due to the negatively charged oxygen ions 
which have diffused to the surface on top of the barium layer. Since the 
photoelectrons come from the barium the strong surface field of the oxygen 
will tend to hinder the emission. But as the temperature of the plate is in- 
creased, more and more barium diffuses to the surface and exchanges place 
with the oxygen. Beyond this point any further increase in temperature 
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should not increase the emission. As will be seen later temperature-current 
curves were obtained which tend to show that this is probably the case. 
Another possible explanation is that the light acts not only on the barium 
layer but also on the negative adsorbed oxygen ions and changes them to 
neutral atoms. Under this condition the photoelectric and thermionic emis- 
sion will increase with light. In this connection Bodemann® seems to main- 
tain that the total increase in the photoelectric emission with temperature is 
due to the action of light on the negative space charge and he calls this in- 
creased current “addition current,” which in reality is nothing else than an 
increase in the thermionic current. It is hard to believe however that the 
total increase in current due to light is thermionic, because currents which 
are produced indirectly by the action of light on a negative space charge 
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Fig. 9. 


should be expected to have considerable time lag. As will be seen later experi- 
ments were performed to prove this point by the use of rapidly interrupted 
illumination. 

A group of saturation curves which in all respects are similar to those in 
Fig. 8 are shown in Fig. 9. These curves however were obtained with a dif- 
ferent photoelectric cell the anode of which was built in the form of a squirrel 
cage by welding fine thoriated tungsten wires on two nickel rings. The fila- 
ment wires were spaced two mm apart and could be heated to incandescence 
by passing current from one ring to the other. In this way the anode served 
not only as collector but also as a “getter.” 


b. Variation of photoelectric current with temperature at constant plate 
potential. The curve in Fig. 10 brings out many interesting points which were 
not evident from the previous curves. In spite of the fact that this curve 
was taken when the total radiation of the mercury arc shone on the cell, its 
general appearance has a striking resemblance to the curves reported by War- 
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ner’ for pure tungsten with monochromatic illumination. The curve shows 
that at 800°C the photoelectric current reaches saturation and is at this tem- 
perature about 100 times greater than the photoelectric current at room tem- 
perature. The fact that the emission increases only slightly until a tempera- 
ture of 600°C is reached, seemingly confirms the hypothesis that the increased 
activity is due to the diffusion of barium to the surface. It is particularly 
significant, in view of the low melting point of barium (850°C), that the great- 
est increase in photoelectric current occurs between the temperatures of 
600°C and 750°C. 
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Fig. 10. 


B. MEASUREMENTS MADE WITH CATHODE RAY OSCILLOGRAPH 


a. Variation of photoelectric current with temperature at constant plate 
potential. In this group of experiments three photoelectric cells were tested 
and found to exhibit the same general characteristic. The curve in Fig. 11 
was obtained by varying the light intensity sinusoidally with a frequency of 
1000 cycles per second. The thermionic current, the d.c. component of the 
fluctuating photoelectric current, and all sluggish currents were completely 
filtered out. Only the a.c. component of the photoelectric current was al- 
lowed to pass through the amplifier. The sluggish currents were noticeable 
in the measurements only when the frequency of the interrupted light was 
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reduced to a few cycles per second. The data for the curve in Fig. 11 were ob- 
tained by measuring the amplitude of the a.c. wave on the fluorescent screen 
of the cathode ray tube. This curve is very similar to that shown in Fig. 10 
except that the maximum and minimum values differ by a factor of 16 in- 
stead of 100. The peak at 560°C suggests a resonance phenomenon and was 
reproducible with both increasing and decreasing temperatures as shown by 
the large and small circles on the curve. The curve further shows that the 
optimum emission occurs at 750°C. Above this temperature the photoelectric 
emission decreases gradually. This decrease may be caused either by the 
diffusion of more barium ions which increase the surface concentration be- 
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Fig. 11. 


yond that necessary for the optimum emission, or else by the reappearance of 
oxygen ions. It is doubtful if this decrease is caused by the evaporation of 
barium or oxygen ions since thin adsorbed layers will adhere to the platinum 
surface at high temperatures much better than thick, heavy coatings. 

It is of interest to obtain potential-current curves as in Fig. 8 and Fig. 9 
with interrupted illumination. It is of particular interest to determine what 
effect the sluggish currents will have upon the long wave-length limit of the 
photoelectric surface used. At the present time the apparatus is not sensitive 
enough to permit such measurements. 


DISCUSSION 


The increase in photoelectric emission with temperature from composite 
surfaces containing barium and oxygen on platinum cannot be explained 
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satisfactorily by surface gas contamination. The activity of such surfaces de- 
pends not only on the surface concentration of metallic barium and oxygen, 
but also on the relative position of the two. It is unlikely that the thin ad- 
sorbed layers of oxygen and barium will leave the surface without using very 
high temperatures which will distill off the photoelectric material and ruin 
the cell. Most of the oxygen on the surface due to its strong electron affinity 
is negatively charged. The barium which diffuses on the surface at the higher 
temperatures changes the intensity and the distribution of the surface fields 
and as a result changes the work function. This change in work function pro- 
duces a change in the contact differences of potential which manifests itself 
in an increase of the saturation potential with temperature if the thermionic 
current is small. When large thermionic current limited by space charge is 
present the increase in saturation potential with temperature is caused also 
by the increase in space charge. 

Any increase in thermionic current which may be caused by the heat rays 
of the light source or by the influence of the light alone in some secondary way 
should not be regarded as a true photoelectric current. The experiments with 
the oscillograph show definitely that part of the increased emission due to 
light at the higher temperatures is not caused by such secondary effects but 
is due to an increase in the photoelectric current. This finding is contrary to 
the results obtained by Bodemann. The increased photoelectric current is 
independent of the frequency of light interruptions for the range used from 
500 to 1000 cycles per second. 

The author is deeply indebted to Professor Ernest Merritt for suggesting 
the problem a id for his many valuable suggestions and helpful criticism, and 
to Professor krederic Bedell for his general interest in this investigation and 
for providing the Oscilloscope and other facilities in connection with the work. 
He also gratefully acknowledges the benefits derived from discussions with 
Dr. J. A. Becker and Professor H. A. Barton. For the construction of the 
glass apparatus thanks are due to Mr. H. W. Banta. 
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ABSTRACT 


The absorption spectrum of mercury vapor in the Schumann region showed three 
apparently continuous bands with maxima at wave-lengths 1849, 1808, and 1692. The 
1849 and 1692 bands appeared without the 1808 band in the emission from an elec- 
trodeless discharge through mercury vapor. The absorption spectrum in the region 
1900-1804 is correlated with a pair of potential energy curves for Hg2. From these 
curves, the energy of dissociation of Hg: is 0.15 volts. 


INTRODUCTION 


HE problem of the energy of dissociation of mercury molecules is par- 

ticularly interesting because, as far as chemical evidence is concerned, 
mercury molecules do not exist. For example c,/c, for mercury vapor is 1.666, 
the value for a purely monatomic gas. Also the molecular weight of mercury 
vapor equals that of liquid mercury.! Nevertheless mercury molecules exist 
in both the excited and unexcited states as evidenced by the presence of bands 
in the absorption and emission spectra of mercury vapor.’ 

The binding force between two mercury atoms must be similar to that 
between two helium atoms since both have a closed outer shell containing 
two paired s electrons. So far three types of binding for diatomic molecules 
have been proposed; ionic as in NaCl, exchange forces as in He, and polariza- 
tion or van der Waal’s forces. The binding between neutral mercury atoms 
can not be ionic, and Heitler and London® have shown that the exchange 
forces between helium-like atoms must be repulsive if the Pauli exclusion 
principle holds. There remain only the polarization forces to hold the mer- 
cury molecule together. The analysis of Eisenschitz and London‘ has shown 
that the polarization forces may, at large separations be greater than the 
exchange forces and produce a definite equilibrium when the exchange forces 
are repulsive. Mercury molecules are probably of this type. 

Values for the energy of dissociation of mercury molecules have been ob- 
tained by Koernicke® and Mrozowski.’ Koernicke, following the work of 
Franck and Grotrian,’ measured the change in total intensity of the mercury 


1 Summary by J. W. Mellor, Treatise on Inorganic and Theoretical Chemistry, vol. 4, p. 
766. 
* R. W. Wood, Astphys. J. 26, 41 (1907); Rayleigh, Proc. Roy. Soc. A116, 702 (1927); 
F. L. Mohler and H. R. Moore, J.0.S.A. 15, 74 (1927). 
* W. Heitler and F. London, Zeits. f. Physik 44, 455 (1927). 
* R. Eisenschitz and F. London, Zeits. f. Physik 60, 515 (1930). 
5 E. Koernicke, Zeits. f. Physik 33, 219 (1925). 
§ S. Mrozowski, Zeits. f. Physik 55, 338 (1929). 
7 J. Franck and W. Grotrian, Zeits. f. Tech. Physik 3, 194 (1922). 


897 








898 J. GIBSON WINANS 


band at 2540 with superheating and calculated the energy of dissociation of 
Hg. as 1.4 kg. cal./mol. or 0.06 volts. Mrozowski measured the total intensity 
of fluorescence in mercury vapor at different positions along the direction of 
the exciting light. He obtained the absorption coefficient of saturated mer- 
cury vapor at different temperatures for several exciting wave-lengths. As- 
suming this coefficient proportional to the number of Hg: molecules, he cal- 
culated D for Hg. as 17 kg. cal./mol. WKoernicke’s and Mrozowski’s values 
differ by a factor 12. The two methods will be discussed in detail in a later 
paper. 

The results of the present investigation give a value for D for Hg2 which 
lies between the two above mentioned but is quite different from either. The 
method is the same as that used to obtain D for Znz and Cd2.5 The value of 
D comes from an interpretation of the absorption region in the vicinity of the 
resonance line 1'S—2'P. This line comes at wave-length 1849 for mercury, 


APPARATUS AND PROCEDURE 


The absorption spectrum of mercury in the region 3000-1550 was photo- 
graphed with a small vacuum fluorite spectrograph on Schumann plates. The 
absorption cell, shown in Fig. 1, was made of fused quartz. The windows were 


>> 


Fig. 1. 


very thin to give increased transparency and hemispherical in shape to with- 
stand atmospheric pressure. The cell was heated in an electric furnace. A 
hydrogen discharge tube served as a source of continuous light. 

For photographing the emission spectrum of mercury, the cell of Fig. 1 
was waxed to a tube leading to the spectrograph, a wire wrapped around each 
end, one wire grounded and the other connected to a low-voltage Tesla coil 
(leak chaser). When the tube was heated by a bunsen burner, a brilliant 
mercury discharge was obtained. CO bands from a discharge through air 
were used as standards for wave-length measurements.’ 


RESULTS 


The absorption spectra taken with increasing pressures of mercury vapor 
(Fig. 2) show first the atomic line 1849 which broadens rapidly, then a con- 
tinuous band with a maximum intensity at 1808 A (Fig. 2 No. 1) and finally 
another continuous band with maximum at 1692 (Fig. 2, No. 2), Fig 3 is a 
microphotometer record of Fig. 2 showing the 1692 band. Fig. 2, No. 2 shows 
how, at increased pressure the 1808 band is broadened principally toward 


8 J. G. Winans, Phil. Mag. 7, 555 (1929). 
® T, Lyman, Astrophys. J. 23, 204 (1906); “The Spectroscopy of the Extreme Ultraviolet,” 
p. 114. 
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longer wave-lengths and the absorption region surrounding 1849 broadened 
toward shorter wave-lengths as far as the 1808 band but no farther, and to- 
ward longer wave-lengths beyond 2200 A. The lack of intensity below 1690 
in No. 1 Fig. 2 was due to short exposure and not to absorption. 


Fig. 2. Fig. 3. 





In the emission spectrum from the electrodeless discharge (Fig. 2, No. 3), 
the band surrounding 1849 and the one at 1692 were observed but not the one 
at 1808. The distribution of intensity in the 1692 band was the same in emis- 
sion and absorption (Fig. 3). 


TABLE I. 
Vacuum 
Description Wave-length wave-number 
Absorption maximum 1691.4 59123 
Emission maximum 1692.1 59097 
average 1691.8 59110 
Absorption maximum 1808 .0 55311 
*Short wave limit 1804.2 55427 


* The wave-length was measured at the point where the photographic blackening from the 
source had been reduced to one half. 


Table I gives a summary of results. Wave-lengths previously given (Phys. 
Rev. 36, 1020(1930) should be corrected to agree with Table I. 


DiIsCUSSION 


The continuous bands at 1808 and 1692 do not coincide with atomic transi- 
tions and are observed only at pressures much greater than that needed to 
show the atomic line 1'S—2'P. They are therefore attributed to molecules 
of mercury and these molecules are assumed to be diatomic. The character- 
istics of these bands as described above can be correlated with a set of poten- 
tial energy curves for the Hge molecule. 

The band at 1808 was observed in absorption but not in emission in the 
electrodeless discharge. In the spectra of atoms, absorption lines are some- 
times missing in emission because they are absorbed by the vapor surround- 
ing the source. This can not be the case for the 1808 band; since, from the 
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order of appearance of the bands with increasing pressure, the absorption coef- 
ficient of the missing band 1808 lies between that of the two bands at 1849 
and 1692, both of which were observed in emission. A probable reason for 
the non-appearance of 1808 in emission is that the Hg: molecule is dissociated 
upon absorption of this wave-length. If this is true, the curves of potential 
energy as a function of nuclear separation must have definite relative posi- 
tions. According to the Franck-Condon principle, the nuclei of a molecule 
do not change their separation appreciably during an electron transition. If 
curves of potential energy and nuclear separation are plotted for the excited 
and normal molecule, allowed transitions are represented by vertical lines 
connecting the two curves. For interpreting absorption spectra, one assumes 
a Boltzmann distribution of molecules in the vibrational states of the normal 
molecule, so that the lowest vibrational state with 1 2 quantum of energy is 
the most thickly populated. The most intense part of an absorption band 
should be represented by vertical lines through the points of the normal mole- 
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cule curve, corresponding to this lowest energy. If absorption of the 1808 band 
results in dissociation of an Hgs molecule, the potential energy curves must 
have relative positions like either c and a or like ¢ and 6 in Fig. 4. If positions 
c and a are correct, after absorption of 1808, (transition B) the nuclei find 
themselves with sufficient potential energy to dissociate into one excited and 
one normal atom. This is the usual interpretation given to a photo-chemical 
dissociation. If curves ¢c and / are correct, the nuclei simply lose all attraction 
for each other upon absorption of 1808, and find themselves free to drift apart. 
In either case the band 1808 should be observed in absorption but not in 
emission. 

If the original assumption that absorption of 1808 means dissociation is 
correct, it is not difficult to decide which of the two relative positions shown 
in Fig. 4 must be right. From analogy with Hes, which is found to exist 
only when excited, the energy of binding in the excited mercury molecule is 
probably greater than that in the normal molecule. In practically all mole- 
cules which have been studied, greater energy of binding is associated with 
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smaller nuclear separation at the minimum of the potential energy curve, so 
that curves c and } should be required for Hge. If curves c and a were correct, 
with increase of pressure and temperature and corresponding increase in the 
number of normal molecules in higher vibrational states, the 1808 band (B, 
Fig. 4) should broaden toward both longer and shorter wave-lengths corres- 
ponding to transitions from points g and d. This does not agree with the 
observation that the 1808 band broadened almost entirely toward longer 
wave-lengths. On curve c and b, however, we see that 1808 represents the 
longest vertical distance between the two curves and absorption from points 
g and d would give a broadening toward longer wave-lengths only. 

Further we can also explain the very interesting fact that the absorption 
region surrounding 1849 reaches a short wave limit coinciding with that for 
the 1808 band, but reaches no definite long wave limit. Consider two mer- 
cury atoms making a collision. Their mutual potential energy would follow 
the curve for the normal mercury molecule (estimated as curve c, Fig. 4). If 
they absorbed light during a collision, the energy absorbed would correspond 
to vertical lines between the two potential energy curves of Hge, and since 
they come to rest at point g, Fig. 4, and move more slowly at point d than at 
o, the positions g and d would be more probable positions for the absorption 
of light. This would represent wave-lengths slightly greater and slightly less 
than that of the atomic absorption line 1849. Now suppose the number of 
colliding atoms which absorb light to be greatly increased, one should ob- 
serve absorption from points c and 0. This would mean a continuous broad- 
ening of the 1849 line toward both longer and shorter wave-lengths but it 
would reach a limit on the short wave side coinciding with the limit for the 
1808 band. This exactly describes what was observed. Of course, it is not 
sure that the short wave limit of 1849 exactly coincides with that of 1808 
since the observed limit comes from a superposition of both. It is, however, 
significant that the 1849 band does not broaden beyond 1804 on the short 
wave side but broadens beyond 2200 on the long wave side. 

We have correlated a set of curves such as b and ¢, Fig. 4, with three ob- 
servations; the appearance of 1808 in absorption but not in emission, the 
broadening of the 1808 band toward longer wave-lengths with pressure, and 
the peculiar broadening of the 1849 band with pressure. 

From Fig. 4 it is easily seen that the energy of dissociation of the normal 
molecule is simply the difference in energy between the 1849 and the 1808 
bands. This gives D for Hgz equal to 0.15 volts or 3.5 kg. cal./mol. This value 
is three times Koernicke’s value and one-third of Mrozowski’s. The three 
methods will be compared and discussed in a later paper. 
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PROPERTIES OF SOME ZINC, CADMIUM, 
AND MERCURY BANDS 
By J. Gipson WINANS 
UNIVERSITY OF WISCONSIN 
(Received March 16, 1931) 


ABSTRACT 
Zine bands at wave-lengths 2139, 2064, and 2002 are shown to resemble the 
corresponding bands of cadmium and mercury in emission as well as in absorption. 
HE absorption spectra of zinc, cadmium, and mercury each show three 
corresponding continuous bands which may be called A, B, and C. The 
wave-lengths at the maxima are given in Table I. It has been shown! that 


TABLE I. 
A B c 
Zine 2139 2064 2002 
Cadmium 2288 2212 2114 


Mercury 1849 1808 16092 


for cadmium and mercury the bands A and C appear in emission in an elec- 
trodeless discharge but not the band B. The present experiment was under- 
taken to see if the same thing were true for the zinc bands. 

A quartz tube was evacuated and sealed off after having had some zinc 
distilled into it. Nicrome wires wrapped around the ends served as external 
electrodes. One electrode was grounded and the other attached to a small 
Tesla coil (leak chaser). When the tube was heated by blow torches to give 
a stream of zinc vapor through the tube, a bright discharge was obtained. In 
stagnant vapor the discharge was very weak. This may have been the result 
of impurities as observed by Wood and Voss? in mercury vapor. Spectra were 
photographed with nitrogen flowing through the spectrograph to eliminate 
oxygen. 

The resulting discharge through zinc vapor showed band A with great 
intensity and with the maximum reversed, and showed also band C. No trace 
of band B was observed. These observations are the same as those on the cor- 
responding bands for Cd and Hg.' An interpretation for one set of these 
bands will apply to all since the bands are shown to have the same properties. 
One interpretation! gives energies of dissociation of zinc, cadmium, and mer- 
cury molecules of 0.24, 0.20, and 0.15 volts respectively. 

There was observed only one difference in the behavior of these bands rel- 
ative to each other for the various elements. In the absorption spectra, the 
zinc bands B and C appeared with increasing pressure at practically the 
same pressure; the cadmium band C required about 1.7 times that required 
for band B, and the mercury band C needed about 5 times as much pressure 
as the mercury band B for equal intensities. This does not affect the inter- 
pretation given to the bands but it may indicate an interesting change in 
properties of similar elements with increasing atomic weights. 

1 Winans, Phil Mag. 7, 555 (1929); Phys. Rev. 37, 897 (1931). 


2 R. W. Wood and V. Voss, Jour. Frank. Inst. 205, 486 (1928). 
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PERTURBATIONS AND PREDISSOCIATION IN THE S, 
BAND SPECTRUM 


By ANDREW CHRISTY AND S. MEIRING NaupE 
RYERSON PrysiIcAL LABORATORY, UNIVERSITY OF CHICAGO 


(Received February 27, 1931) 


ABSTRACT 

The S, bands belonging to the *2,~*+~*=,~ transition have been photographed 
with relatively large dispersion in absorption and in emission between 3500 and 
2400. Several perturbations have been found in the vibrational levels of the excited 
’¥..- state. These became apparent when the quantum assignment of the band heads 
were determined. The following revised equation was found to fit the unperturbed 
heads: 

v =32250.9 +429.5(v’ +1/2) —2.75(v’ +1/2)?—727.4(v'’ 4+-1/2) +2.91(0'’ +1/2)? 
Weak bands were observed (mainly in absorption) about 20 cm™ to the violet of the 
heads in the v’’ =0 progression. These bands are believed to be due to another system. 
Perturbations of about +17 cm™ have been found in the heads of the bands with 
v’ =0, 2, 4, which are presumably due to perturbations of the rotational levels near the 
band heads by another electronic state or perturbations in the U(r) curve of the *=,~ 
state. Perturbations found in the levels with v’ >9 are attributed to a ‘II, state which 
causes predissociation in these bands. 

Predissociation. This phenomenon is discussed in terms of the Franck-Condon 
principle of transition probabilities. It is shown that the ‘II, continuous state which 
causes predissociation must intersect the U(r) curve of the *=,~ state at two points 
giving the two observed regions of predissociation. The relative transition probabili- 
ties for the radiationless jump in the two regions are discussed. 

Dissociation. The energies of dissociation of the lower and upper states are found 
to be 4.45 and 2.07 volts. This gives 1.6 volts as the separation of the *P and 'D states 
of the S atom. 


I. INTRODUCTION 


’T CHE S: bands which extend from (6000 to 42300 have been studied by 
various investigators.! Rosen,? who gave the first quantum analysis of 
these bands, found that the band heads could be represented by the equation 


vy = 32290 + 427.1(0’ + 3) — 2.7(v' + 3)? — 727.4(0”" + 3) 
+ 2.91(v’’ + 4)?. 


For this analysis he had a relatively small dispersion (1 mm = 300 cm~' in the 
ultraviolet) at his disposal. 


(1) 


1 J. J. Graham, Proc. Roy. Soc. A84, 311 (1911); J. J. Dobbie and J. J. Fox, Proc. Roy. Soc. 
A95, 484 (1919); V. Henri and M. C. Teves, C. R. 179, 1156 (1924); J. C. McLennan, I. Waler- 
stein, H. G. Smith, Phil. Mag. 3, 390 (1927); and the references given in this paper. 

2 (a) B. Rosen, Zeits. f. Physik 43, 106 (1927); (b) ibid. 48, 545 (1928); (c) ibid. 52, 16 
(1928). 

’ This equation is the same as that given by Rosen except that the quantum numbers have 
been changed from n to (v+1/2). 
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There are large discrepancies in the combination differences! AG(v+ 14) 
given by Rosen (cf. Table 15 of reference 2a) which should be the same within 
experimental error for any one row or column of his table. It may be con- 
cluded, therefore, either that his experimental errors were very large, which 
is possible since his dispersion was very small, or that the assignment of the 
vibrational quantum numbers to at least some of the heads, was wrong. The 
latter alternative is not so impossible as it may appear, since with larger dis- 
persion in the present work it was found that many of the heads which 
Rosen measured as one, consist of groups of two or more heads. Further- 
more, in the region above A2900 the spectrum is so complicated due to over- 
lapping, as can be seen from our plates, that the heads with v’ <8 all may have 
been assigned incorrectly. Therefore it became necessary for us to determine 
the correct assignment of the band heads before proceeding with the rota- 
tional analysis of the bands. The latter has already been published’ and will 
be referred to here as I. 

In the course of this investigation it was found that the irregularities in 
the AG(v+!%) values given by Rosen were due partly to an incorrect assign- 
ment of some of the band heads and partly to numerous perturbations in the 
vibrational levels of the upper state. The perturbations are larger than any 
that have been observed in the band systems of other molecules and therefore 
need special consideration. 

The phenomenon of predissociation which Henri® found to occur in the S» 
bands, has also been studied in relation to the vibrational analysis. The inter- 
pretation of this phenomenon as it is observed in these bands differs from 
that given by other investigators. 


II. EXPERIMENTAL PROCEDURE 


Since absorption spectra obtained at different temperatures offer the best 
means of studying the vibrational analysis, especially of the upper electronic 
state, a quartz absorption cell, having a length of 5 cm and a diameter of 2.5 
cm was used. The cell was first baked out and sufficient distilled sulphur was 
added to give a vapor pressure of 12 mm’ at 450°C. The cell was heated elec- 
trically. Since the amount of sulphur in the cell remained constant through- 
out the investigation, the vapour pressure of the sulphur within the cell 
(above 450°C) was proportional to the temperature. 

A hydrogen tube was used as continuous source. 


* AG(v+1/2) =G(v+1) —G(v) where G=E,/he (cf. R. S. Mulliken, Phys. Rev. 36, 623, 625 
(1930)). 

5S. M. Naudé and A. Christy, Phys. Rev. 37, 490 (1931). 

6 V. Henri, Structure des Molecules, Paris 1925; V. Henri and M. C. Teves, Nature 114, 
894 (1924). 

7 V. Henri (see Symposium of the Faraday Soc. on Molecular Spectra and Molecular Struc- 
ture, Sept. 1929, p. 765) used 0.1 mg of sulphur in a 16 cc quartz tube at 600°C which gave him 
about the same S2 vapour pressure. 


8 The hydrogen tube used has been described previously: S. M. Naudé, Phys. Rev. 36, 
333 (1930). 
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The region between \3500 and \2400 was studied in absorption. The ab- 
sorption plates were taken with an E1 Hilger spectrograph giving a disper- 
sion varying from 1 mm =7.7A at A3500 to 1 mm =2.3A at 42400, as well as 
in the first order of the 21 foot Rowland grating, giving a dispersion of 2.6A 
per mm. Eastman 33 plates were used. The iron and copper arcs were used 
as comparison spectra, the wave-lengths of which were taken from Kayser’s 
“Hauptlinien” and Shenstone’s work,’ respectively. The copper arc was used 
mainly in the region below 2800 since the iron lines are very weak and too 
numerous in this region to serve as standards. 

The wave-lengths of the band heads on the plates obtained with the E1 
spectrograph were calculated with Hartmann’s formula. The measurements 
of the band heads obtained with both instruments agreed within experimental 
error. This error was relatively large (about 2 cm~'), because the band heads 
are not very well defined owing to their characteristic rotational structure. 
Below \2792.8 the heads are fuzzy due to predissociation which increases the 
error in this region to 5 cm.~' Below A2615 the heads become very diffuse 
making the experimental error as large as 10 cm.-! 

The Sz spectrum was studied in emission in the region between A3500 and 
42400. The spectrum was excited by means of a Geissler tube described in I. 
The plates were taken in the first order of the 21-foot grating. Iron standard 
wave-lengths were used as comparison spectrum. 


II]. DESCRIPTION OF THE PLATES 


Fig. la is a reproduction of the bands obtained in absorption. When the 
absorption tube is heated to about 450°C the maximum absorption occurs in 
the region between \2741 and \2799. Plates were also taken with the absorp- 
tion cell at about 600°C and 750°C. With higher temperatures the maximum 
absorption is shifted to longer wave-lengths as is to be expected. For tem- 
peratures of the cell below 400°C (i.e., below the boiling point of sulphur) no 
bands appeared in absorption in the region investigated. In emission the 
maximum intensity lies in the region between A3000 and A3500. In this region 
the band heads are not clearly defined owing to the great amount of overlap- 
ping. This overlapping causes many clusters of lines to be formed on the 
plates in this region which are not easily distinguishable from heads. These 
intensity relations, both in absorption and in emission, can be understood 
with the help of the potential energy curve obtained from the vibrational and 
rotational analyses given in section VII below. 

Below A2792.8 (cf. Fig. 1b) the absorption bands become diffuse. As can 
be seen from the plate, there are twe regions in which the bands are diffuse to 
a different degree: first, between \2792.8 and 2615 and secondly between 
42615 and A2440. The bands in the latter region are more diffuse than those 
in the former. In addition there seems to be a continuous absorption in the 
second region which reaches a maximum at A2549. Although indications of 
the rotational structure reappear below A2440 (cf. Fig. 1d) the bands are still 
more diffuse than in the first region. 


* A. G. Shenstone, Phys. Rev. 28, 449 (1926). 
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Fig. 1. (a) S. spectrum investigated in absorption. ‘b) Part of (a) showing 
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of predissociation between \2792.8 and \2615.0 and the first band of the second region below 
2615. (c) Absorption spectrum obtained with sulphur cell at about 750°C. (d) Bands of the 


second region of predissociation showing indications of rotational structure. 


(e) Absorption 


spectrum obtained with sulphur cell at about 450°C. (f) Emission spectrum of S.. 


By comparing (e) and (f) one sees that the bands which become diffuse in 
to predissociation do not appear in emission. 


absorption due 
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Accompanying the strong heads in absorption and about 20 cm™ to the 
violet of these lie a number of faint heads indicated by “A” in Fig. 1b. These 
heads Henri and Teves'® evidently accounted for as R heads, the strong heads 
being supposed to be formed by Q branches. It has been shown in I that the 
main system of bands is due to a *S~-,—>*2-, transition. Furthermore, the 
authors have found that no Q branches appear in these bands. Therefore the 
weak heads are probably due to a different electronic transition. 


IV. THE VIBRATIONAL ANALYSIS 


The band heads obtained in absorption can be arranged now as shown 
in Table IA. One would expect the bands which appear at the lowest tem- 
perature in absorption to correspond mainly to those having v’’=0. Hence 
the band heads which were measured on the plates corresponding to the cell 
temperature of about 450°C can be assigned to transitions for which v’’ =0 
and v’’ =1, the former being much more intense. These bands lie within zone 
(1) (cf. Table IA). When the temperature of the cell was raised to about 
600°C, the band heads with v’’=1 became more intense and in addition the 
band heads for which v’’ =2 appeared. These bands lie within zone (2). Simi- 
larly at about 750°C the bands for which v’ =3 appear in absorption as well 
as a few for which v’’=4 and 5. These bands lie within zone (3).!°" Most of 
these bands are indicated in Fig. 1c and le. 

The consistent values of AG(v+ %) for any one column and row in Table 
IA prove the correctness of the assignment of vibrational quantum numbers 
to the various heads as brought out by changing the temperature of the ab- 
sorption cell. Table IA reveals a number of irregularities in the values of 
AG(v’ + %4) which will be discussed in section V. One would expect the AG(v’ + 
1%) values to decrease regularly as v’ increases. As is clear from Table IA, 
however, these values vary irregularly as v’ increases. 

The band heads measured on the plates taken in emission in the region 
3500 to 42800 are given in Table IB. Most of the band heads observed in 
emission agree within experimental error with the absorption values. It is 
seen from Table IB that all the bands observed in emission have v’ < 10. 

The values of the vibrational constants w, and wx, given by Rosen* are 
essentially correct. He obtained the vibrational constants w,’’ and w,'’x,’’ of 
the lower state from the progression having v’ =3 which was excited in flu- 
orescence by the mercury line A3132A = 31922 cm.—'. Further he derived the 
vibrational constants w,’ and w,’x.’ for the upper state mainly from the ab- 
sorption bands having v’ >4. However, most of the heads with v’>7 meas- 
ured by him are the weaker heads of the bands designated as A bands (cf. sec- 
tion III) which are discussed later. The differences between the weaker and 
the stronger heads are approximately constant (20 cm~) and hence the value 


10 For the higher temperatures the absorption in the region between \2800 and \2600 be- 
comes complete. 

11 By adding more sulphur to the absorption cell and increasing the temperature it would 
be possible to obtain the bands having v’’>4 in absorption. This was not carried out as the 
above results were sufficient for our present purpose. 
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TABLE I, Band heads of the *2,~+—>+*,~ system, 
A. Absorption 
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31399 
402 
31801 
436 
32237 
398 
32635 
421 
33056 
385 
33441 
400 
33841 
388 
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389 
35381 
371 
35749 
360 
36109 
366 
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In obtaining the mean value of AG(v’ +4), we have considered the accuracy of the meas- 
ured band heads. 
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TABLE I. B. Emission 
od. 0 1 2 4 5 6 
6 ; ; 2~27500¢2¢C~*é“‘<; 7C;*O*” - 
402 
1 30381 29677 
437 
2 31527 30818 
394 393 
3 32634 31921 31214? 29123 
422 420 
4 33056 32341 31628 30231 
384 386 
5 33440 32727 31315 
402 404 402 
6 | 345063 33842 33131 31717 31019 
392 393 389 
7 | 34955 34235 32812 32106 30717 
| 385 383 385 
8 | 35340 34618 31796 31102 
370 
9 34988 34269 
: of w, derived from them is essentially correct. The dispersion used by Rosen 
was not sufficient to resolve these heads, and furthermore, when the vapour 
; pressure of the sulphur in the absorption tube is increased, the weak heads 
become completely absorbed, and consequently one is liable to measure 
these as the main heads as Rosen apparently has done. This can be seen by 





comparing our assignment of vibrational quantum numbers to the various 
band heads with that of Rosen as is done in Table II. For wave-lengths greater 


TABLE II. Comparison 


Present 
v’—y" v 
7-1 34233 
6-0 34563 
8-1 34619 [ 
7-0 34954 
9-1 3499? 
8-0 35339 
A 35358 
: 9-0) 35713 
A 35733 
10-0 36101 
rN 36123 f 
11-0 36472 
A 36496 
12-0 36828 
A 36851 


10 
11 


12- 


of assignment of vibration quantum numbers to band heads 





Rosen 

? yp 
34237 
34589 
34970 
35358 
35720 
36110 
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36850 
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13 
A 
14-0 
A 
15-0 
A 
16-0 
A 
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A 
18-0 


A 
19-0 
A 


Present 
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» 
37194 
37214 
37550 
37569 
37896 
37915 
38229 
38247 
38555 
38885 
38885 
38911 


39221) 
39250, 








13 
14 


Rosen 

i y 

( 37210 
0 37550 
0 37900 
0 38240 
0) 38580 
0 38910 
0 39240 











Note: The brackete 


Rosen’s results become less trustworthy. 

correlate our results with those given by him. 
| Rosen’s assignment the vibrational constants of the upper state as well as y, 
should be changed as follows: 


d heads have been measured as one by Rosen. 


than \2926 the absorption spectrum becomes complicated and consequently 


In this region it is impossible to 


Owing to these errors in 
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vy, = 32250.9 + 429.5(o’ + 4) — 2.75(0’ + 3)2 — 727.4(0" + 3) 
+ 2.91(0" + 3)2. 


(2) 


The above mentioned faint absorption heads (cf. section II1) which lie 
about 20 cm™ to the violet of the v’’ =0 progression, have been observed only 
next to the main band heads having v’ ranging from 8 to 20. Some of these 
heads are indicated by A in Fig. 1b. A few more weak heads have been found 
to appear in absorption and a few in emission which seem to belong to the 
same electronic transition as those marked A. These band heads are tabu- 
lated in Table III which gives a possible arrangement. This arrangement, 
however, is uncertain, since no more heads can be found, as they are relatively 


TABLE IIT. The A System of bards of S» 


33476" 37214 





33879” 37569 

34269’ 37908 
35358 34640? 38249 
35733 38577 
36123 38911 
36496 35794 39248 
36851 39555 


OTE: (") These band heads have been found in both emission and absorption. 
) Found only in emission, All the other heads have been observed only in absorption. 


(?) Doubtful value. 
The band heads are arranged in this manner in order to show the parallelism between these 


heads and those of the *{~,<—*S~, system. 


N 
ig 


weak compared with the bands of the main system and are overlapped by 
these bands. It is therefore impossible to determine whether the upper or 
the lower state is common to these two systems. This might be decided in 
case a series of experiments were performed in which the temperature in the 
cell was comparatively low and the pressure was increased gradually. In 
addition to these two systems of bands a large number of heads have been 
observed above \3500 which appear in emission. A special study of these 
bands, if possible with a low temperature source such as active nitrogen 
which would diminish the excessive overlapping of the bands, should be made 
in order to determine whether or not they belong to the *2,-—*2,~ transi- 


tion. 


V. PERTURBATIONS 


In the great majority of band systems which have been analyzed thus 
far the vibrational combination difference AG(v+ 4) has been found to de- 
crease regularly as the vibrational quantum number increases." If in Table 
IA we compare the mean AG(v’+)4) values, we see that perturbations must 


12 Tt was observed by G. Nakamura in the NaH bands (Zeits. f. Physik 59, 218 (1930)) and 
by T. Hori in the LiH bands (Zeits. f. Physik 62, 352 (1930)) that the AG(v’+1/2) values, in- 
stead of decreasing with v’, increase up to a certain value of v’ and then decrease regularly. W. 
Weizel (Zeits. f. Physik 60, 599 (1930)) showed that this may be accounted for by uncoupling 
of the po and so electrons. 
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be present in the vibrational levels of the upper *2-, state. This is shown 
more strikingly if one compares the observed and calculated energy levels 
as shown in Table IV. The calculated values were obtained by passing the 
best graph through the observed AG(v’+ 14) values, and then adjusting the 
value of the calculated v’=0 level until the best fit was obtained with the 


TaBLE IV. Calculated and observed energy values of the vibrational levels for the 
3D (upper) state of the system. 











v’ 0 c 0-¢ v’ 0 c 0-¢ 

0 32120.0 32002 .0 +18.0 12 36828 .8 827.0 + 1.8 
1 32525.7 526.0 — 0.3 13 37194.8 37185.0 + 9.8 
2 32960 .2 944.5 +15.7 14 37550.3 537.5 +12.8 
3 33358.5 33357.5 + 1.0 15 37896 .3 884.5 +11.8 
4 33780 .1 765 .0 +15.1 16 38229 .3 38226.0 + 3.3 
5 34614.8 34167 .0 — 2.2 17 38555.5 560.0 — 6.7 
6 34564 .3 563.5 + 0.8 18 38885 .3 890.5 — 7.2 
7 34953.8 954.5 — 0.7 19 39221.3 39215.5 + 3.6 
8 35339 .3 35340.0 — 0.7 20 39537 .3 535.0 + 0.3 
9 35712.8 720.0 — 7.2 21 39847 .3 849.0 — 1.7 
10 36101 .3 36094 .5 + 6.8 22 40139 .3 40157.5 —18.2 
11 36470.8 463.5 + 7.3 23 40449 .3 460.5 —11.2 














Note: Our measurements below the 23-0 bands are very inaccurate, hence no compari- 
son can be made for v’>23. In considering the o-c values it must be remembered that the 
experimental error for the bands having v’<9 is about 2 cm™ and for v’>9 probably greater 
(cf. section II). 


experimental values. It is seen that the o-c values for v’=7 and 8 are zero 
within the experimental error. We know from I that the rotational levels for 
v’ =7 and 8 are normal, whereas those for 7’ = 9 are perturbed. From Table IV 
we see also that the vibrational levels v’ =7 and 8 are normal and v’ = 9 seems 
to be displaced. It appears that the levels with v’ =0, 2,4 are perturbed by 
about +17 cm. From v’>9 predissociation begins and it appears that 
practically all these levels are perturbed in varying degree. The perturbations 
for v’'=0, 2, 4 as obtained by measuring the heads of the bands, might be 
due either to perturbations of the rotational lines near the heads or to pertur- 
bations of the vibrational levels. 

Johnson and Asundi"™ found that in the Cameron CO bands all band heads 
with v’=1 are displaced by 4.2 cm.“ Rosenthal and Jenkins“ showed that 
all the rotational lines near the heads of these bands are perturbed, all the 
lines being displaced in the same direction, thus giving a displacement of the 
head and consequently an apparent displacement of the vibrational level. In 
the CN bands Rosenthal and Jenkins showed that the perturbations of the 
rotational lines occurring in some of these bands are due to the fact that cer- 
tain rotational levels of the upper state have energies approximately equal 


13 R, C. Johnson and R. K. Asundi, Proc. Roy. Soc. A123, 560 (1929). 
4 J. Rosenthal and F. A. Jenkins, Proc. Nat. Acad. of Sciences 15, 896 (1929). 
1% J. Rosenthal and F. A. Jenkins, Proc. Nat. Acad. of Sciences 15, 382 (1929). 
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to the rotational levels of another state with the result that the two sets of 


levels are mutually perturbed, as we would expect from Kronig’s theory.'*:"’ 


It may be that the perturbations of the S: band heads for v’=0, 1, 2, 4 
are of the same type, i.e. that all the rotational lines near the band heads are 
displaced in the same direction and that, consequently, the heads are dis- 
placed by about +17 cm.~! But in order that the alternate vibrational levels 
might be perturbed, we must assume the presence of another state having 
an w which is approximately twice that of the *X,,~ state. If such a state were 
present, we would expect transitions between this and the normal state of the 
molecule. It may be, however, that some of the emission bands are due to 
such a transition. 

The observed perturbations of the band heads with v’=0, 2, 4 may, 
be due to perturbations of the vibrational levels. In this case one would 
expect the U(r) curve to be irregular and not a smooth curve as it seems to 
be for the electronic states of most other molecules. A similar type of per- 
turbation to that observed in S. has been found by Jevons"’ in the bands of 
CS, where the band heads having v’ =1, 2,4 were found to be displaced in 
the same way, the maximum displacement of the CS band heads being 7.4 
cm~! as compared with +18 cm™! for Ss. Moreover, by comparing the ob- 
served displacements of the R and Q heads from their calculated positions,'® 
Jevons concluded that the observed perturbations were due to perturbations 
of the vibrational levels. 

Whether this type of perturbation as observed in the Sz bands is due to 
rotational or vibrational perturbations or to a superposition of both can only 
be determined by studying the rotational structure of the Ss bands having 
v’=0, 2, 4 with reference to the unperturbed bands. Owing to the great 
amount of overlapping of those bands in the Sz. spectrum, this study is im- 
possible unless some other type of excitation (active nitrogen or fluorescence) 
will excite fewer and less extensive bands, and consequently give less over- 
lapping. Although still difficult, this study may be carried out in the CS 
bands.”° 

The perturbation present in the vibrational levels for v’ >9 may be due to 
the continuous state which causes predissociation and which is discussed in 
the next section. Although the probable error in the measurement of these 
diffuse bands (v’ >9) is large (cf. section II), consequently making it difficult 
to interpret correctly the observed minus calculated values, it may be pointed 


'® R. de L. Kronig, Zeits. f. Physik 50, 347 (1928). 

7 But cf. H. H. Hyman and C, R. Jeppesen, Nature 125, 462 (1930) and R. T. Birge and 
C. R. Jeppesen, Nature 125, 463 (1930). These investigators have found a perturbation in the 
v’’ =0 level of the normal state of Hz, where presumably there could not be another interacting 
state present. 

18 W. Jevons, Proc. Roy. Soc. A117, 351 (1927-1928). 

'9 If both the R and Q heads were displaced by the same amount, one might attribute this 
displacement to a perturbation of the vibrational level. If, however, the two heads were dis- 
placed by different amounts, this displacement might be due to the perturbation of the rota- 
tional levels. Cf. also references 13 and 14. 

0 This investigation has been started by one of the authors (S.M.N.). 
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out that, whereas the level v’=9 seems to be displaced downwards, those 
above the intersecting curve (v’=10—16) seem to be displaced upwards 
which suggests some interaction between the corresponding U(r) curves. 

We know according to I from our rotational analysis of the 9-1 and 9-2 
bands that the rotational levels of the v’=9 level are perturbed. In these 
bands we have found that the mean value of B,’ obtained from the AF,’ 
graph is larger than the B,;’ and Bs’. The fact that By’ obtained from lower 
values of K is less than the values obtained from higher values of K (the fac- 
tor 8D,K* has been considered) seems to indicate that the perturbation in- 
creases with K. 


VI. PREDISSOCIATION* 


It has been remarked in a previous section of this paper that there are two 
regions in this spectrum where the bands are diffuse. As can be seen from 
Fig. Ib the absorption bands are sharp” up to A2799.1 (v’=9, v’’=0).% To 
the violet of this point they become at first more and more diffuse, the maxi- 
mum diffuseness being at about A2741.0 (11<-0) As we proceed toward 
shorter wave-lengths the bands become sharper. At 2615.0 (160) the bands 
suddenly become much more diffuse, the maximum diffuseness of the second 
region being at \2549.0 (19-0). From this point on the bands become less 
diffuse. Although the spectrum has been photographed down to \2400, the 
bands below \2492 are no sharper than those between A2792 and 2615, as 
can be seen from Fig. Id. In the first region of predissociation (A2799-A2615), 
the bands although diffuse, still preserve some of their rotational structure, 
the diffuse lines merging into definite groups (cf. Fig. 1b). In the second re- 
gion (A2615—A2435) the bands are completely diffuse, all group structure 
disappearing. 

All the bands which are diffuse in absorption fail to appear on our emis- 
sion plates (cf. Figs. le and 1f and also Table I).%* No bands were observed 
in emission with v’ =10, although the exposures were long enough to photo- 
graph these had their intensity been one tenth of that of the others. The 
non-appearance of these bands may be ascribed primarily to the small life 
time of the molecule in the vibrational levels of the *27 state with v’>9, 
due to the transitions from these levels to those of another state with sub- 
sequent dissociation. The non-appearance of the 9-0 band may be explained 
by the fact that the transition probability from v’ =9 to v’’=0 is small. The 


* B,=B.—a.(v+1/2). Hence B, should decrease as v increases. 

* The authors appreciate the discussions with Drs. J. L. Dunham and Carl Eckart about 
points brought up in this section. 

22 When we use the expressions: bands are “sharp” or “diffuse,” we actually mean that the 
rotational lines of the bands are sharp or diffuse. 

23 VY. Henri gave \2792.4 as the wave-length at which the bands become diffuse (cf. refer- 
ence 6). However, the band at \2792.4 (2792.8 according to our measurements) does not be- 
long to the main system, i.e. *2~—*27, but to a weaker group of bands which are designated 
here as A bands and are given in Table IV. As will be shown in section VII, this wave-length 
has no special meaning. 

* This fact was independently observed by H. H, van Iddekinge, Nature 125, 858 (1930). 
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transition probability for v’>9 to v’’=0 is still smaller, hence these bands 


would be weak even if predissociation was not present. 

Various investigators”:®’** have given explanations of the predissociation, 
which occurs in this spectrum. Franck® showed that if we assume two inter- 
secting curves as in Fig. 2A, we may expect transitions to take place at the 
point 6 with immediate dissociation of the molecule. The theoretical ex- 
planation based on wave mechanics, as given by Kronig” involves the same 
basic principles as those used by Franck. Kronig showed that the selection 
rules for radiationless transitions are AA= +1, 0; AY or AS=0; AJ =0; and 
that transition can occur only between two +(or—) rotational levels belong- 
ing to two electronic states that are both g or both uw. [It may be pointed 
out that the ordinary transition rules are AA= +1, 0; AY or AS=0; AJ=0, 
+1; +(or—) levels to —(or+) levels and g(or «) to u(or g) states (if equal 
atoms)]. The probability of a radiationless transition is proportional to 
J?/(E)'.2 E is the energy difference between any level of the *2,~ state and 
the line } b’, b’ being the dissociation energy of state a. The above formula 
would indicate that no transition is possible between the two intersecting 
curves below b. Hence we would expect predissociation to begin sharply and 
then decrease gradually as we reach the vibrational levels above the point b. 
However, in both the first and second region, predissociation begins suddenly 
and increases gradually to a maximum before it decreases. 

The explanation given by Herzberg” for the observed predissociation in 
the Ss bands is a further development of Franck’s principle. According to 
Herzberg curve a*’ cuts the *=,~ curve at two points, c and 3, as in Fig. 2B, 
corresponding to the two regions of predissociation. He points out that the 
bands of the second region may be more diffuse, first because in this region 
the bands will be overlapped by the continuum* due to *2,-<—a, and sec- 
ondly, because at ¢ the probability of predissociation will be greater, for at 


% J. Franck and H. Sponer, Nachricht Gesellschaft d. Wiss. Géttingen, Math.-Phys. 
Klasse, p. 241 (1928); K. F. Bonhoeffer and L. Farkas, Zeits. Phys. Chem. 134, 337 (1927). 

% R. de L. Kronig, Zeits. f. Physik 50, 347 (1928); 62, 300 (1930). 

27 G. Herzberg, Zeits. f. Physik 61, 604 (1930). 

28 The last rule as formulated by Kronig (cf. Zeits. f. Physik 62, 300 (1930)) is symmetrical 
to symmetrical, and antisymmetrical to antisymmetrical states. The + and the — levels here 
referred to are the “gerade” (g) and “ungerade” () rotational levels of Kronig (cf. Zeits. f. 
Physik 50, 351 (1928)) and Mulliken (cf. Phys. Rev. 36, 617 (1930). The g and w used here refer 
to the “gerade” and “ungerade” electronic states of Hund as II,, 2,, Yu, etc. (cf. Zeits. f. Physik 
51, 759 (1928)). 

29 The J? term in Kronig’s formula enters only when the transition involves AA= +1. For 
a transition for which AA =0, the probability is independent of J. The dependence on J would 
indicate that within any diffuse band, the rotational lines would become more diffuse as we 
go away from the origin. The probability essentially depends upon J and not on J? since 
J?/(E)2« J, It is difficult to determine from our results whether or not the lines within a band 
become more diffuse as we go away from the origin. 

30 Herzberg points out that curve a may or may not have a minimum. His explanation fits 
either case equally well. 

31 Fig. 3 shows that the most probable transition from the lower vibrational levels of the 
*>,~ state is to the left of the upper curves. 
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this point the radiationless transition may occur before it is necessary for 
the molecule to complete half a vibration as it would at point bd. It is highly 
improbable, however, that the overlapping continuum will make the bands 
appear more diffuse than they actually are. Furthermore, since the frequency 
of vibration is much larger than that of rotation, the fact that the molecule 
will have to complete half a vibration at b and not at c before it dissociates, 
can have no appreciable effect on the relative probability of predissociation 
of the bands in the two regions. 

The first idea which suggests itself is that there may be two curves inter- 
secting the *2,~ curve, giving the two regions of predissociation. It may be 
well, therefore, to consider here the various possible states which may be 
present. It has been shown by us’ that the main system of bands which show 
predissociation is due to a *2,~<*Z,~ transition, *2,~ being the lower state. 
By a comparison with the Schumann-Runge bands of Os (cf. also section VII), 
one would expect the *2,~ of Sz to dissociate into two *P atoms, and the ex- 
cited state, iS into one *P and one 'D atom. It is evident also from the 
U(r) curves that the states which cause predissociation must dissociate into 
two normal atoms. By applying the results of Wigner and Witmer,” one finds 
that the molecular electronic states resulting from similar atoms both in a*P 
state are the following: 'A,, 'II,, II,, '2,, '2,~, 'Zu7, "Ax, Wy, T,, *2,t, 
rut, 2Z,-, Ay, T,, Wu, 52+, §2,+, *2.-. The state or states causing pre- 
dissociation (curve a in Fig. 2B or Fig. 2C) must be among the above. But 
according to the rules given by Kronig" for a radiationless transition, the 
only state in the above list which can interact with a *2,~ state is a ‘II, 
state. Hence the state which causes predissociation must be a ‘II, state 
and must intersect the *2,- at two points as Herzberg assumed.”’ However, 
we have still to explain why the bands in the second region corresponding to 
c are more diffuse than those in the first. 

It may be shown that Kronig’s formula does not apply to the region c. 
In deriving his formula,** he assumed that the nuclear momentum of the 
molecule in state a (here identified as a ‘II, state) is constant. That is, 
he was dealing only with the flat portion of the curve, line } b’ of Fig. 2A. 
If, however, the curve has no minimum* as in Fig. 2C the momentum will 
not be constant near either of the points 0 or c.® 

#® E. Wigner and E. E. Witmer, Zeits. f. Physik 51, 859 (1928). 

33 Kronig took as the wave function of state a an oscillatory function with a constant pe- 
riod, i.e., constant momentum, 

4 The *II, state may have a very shallow minimum. If it had a sharp minimum we would 
expect to find discrete bands either in emission or absorption due to a *II,*-—+* =~, transition. 
No such bands have been found although there is a region of weak continuous absorption be- 
ginning at about \2600 which may be ascribed to this transition. The group of bands designated 
in this paper as A bands are not due to this transition, for they are found in absorption after the 
point c has been passed. 

% Since the *II, intersects the ?,~ curve at c, we will have to suppose that although the 
interaction between the two atoms forming the *II, state is almost zero for very small distances 
of internuclear separation, when this distance is made still smaller, the repulsion between the 
two atoms is smaller than that in state *Z,~. (This will be the case if the electronic configura- 
tion of the *II, state resembles the united atom more closely than that of the *2,~ state.) 
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In the tentative explanation given here we shall make use of the Franck- 
Condon theory* of transition probabilities between the two states *X,,- and 


Ua 











Uc) 











UL) 

















Fig. 2C 
311,. According to this theory the probability of a transition is greatest when 


% FE. U. Condon, Phys. Rev. 28, 1182 (1926). 

















S, BAND SPECTRUM 917 


the nuclear separation as well as the momentum remain unchanged during 
the transition. Since the slopes of the two intersecting curves are more nearly 
alike at the point c than at }, and furthermore remain closer together at the 
former point than at the latter, a transition from a discrete vibrational level 
whose energy is near that of c to the continous curve will involve a very much 
smaller change in the nuclear separation at this point than at the point b. 
The ratio of the nuclear momenta in the neighbourhood of the two points is 
approximately the same in both cases. This can be seen from Fig. 2C. If we 
take two discrete vibratiorfal levels FE; and EF. so that FE; —c = E2—)b, and con- 
sider the points on £, and Ez having zero nuclear momentum it is quite evi- 
dent that the difference of the nuclear separation for the former is much less 
than for the latter. For two other points on E,; and E, having nuclear separa- 
tions r; and 7, so that r;—r.=r_,—re the ratios of the nuclear momenta in the 
former case will be about the same as in the latter. Hence the probability 
of the predissociation at the former point will be greater (therefore the rota- 
tional lines more diffuse) than at the latter point. Furthermore, since the 
two curves remain closer together near c, i.e. the second region of predissocia- 
tion, we would expect more bands to be diffuse in the second region of predis- 
sociation than in the first. Finally, from the above explanation we would ex- 
pect that, in both regions of predissociation, the bands tend to become more 
diffuse as we approach the points of intersection from either side.*’ These 
phenomena are exactly what we observed. 

It has been stated in a previous section that the overlapping continuum 
reaches a maximum at A2549. This maximum could not be due entirely to 
transitions between the *X,~ and the ‘II, states, for according to Fig. 3, the 
maximum probability of this transition should occur at \2662. We have also 
seen that the band at A2549 (19<—0) is the most diffuse band in this spectrum. 
Hence the overlapping continuum at this point must be due to the fact that 
the rotational levels for the v’ = 19 are so diffuse as to be practically continu- 
ous. 

For a quantum mechanical formulation of the results obtained by applica- 
tion of the Franck-Condon principle, we would make the step by step con- 
version from one to the other exactly as Condon has done for ordinary transi- 
tions. One sees that the overlapping of the wave functions of the two states 
(§S..~ and ‘II,,) is greater at c than at 0 since the internuclear distances (with 
zero nuclear momentum) on both curves are nearer the same in the neigh- 
borhood of the former point than of the latter. Therefore the two waves will 
tend to reenforce each other more at ¢ than at 0, giving a greater transition 
probability in the neighborhood of c. 

37 L. A. Turner (Am. Phys. Soc. Meeting, New York, Feb. 1931, Paper No. 12) refers to two 
types of predissociation. In one the broadening of the lines sets in suddenly at a definite wave- 
length and in the other it sets in gradually. The former is the type discussed by Kronig (cf. 
Fig. 2A) and is also approximated at point b of Fig. 2C. According to our interpretation the 
continuous curve at point b has almost the value of dissociation. Hence at this point one would 
expect the broadening of the lines to set in more suddenly than at point c. 

38 E. U. Condon, Phys. Rev. 32, 858 (1928), also Condon and Morse, Quantum Mechanics, 
pp. 168-170. 
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In the above discussion we were concerned mainly with the *2,~—->*2,~- 
bands. The other system of bands which we have designated as A bands 
shows exactly similar characteristics. Whenever a band of the main system 
is diffuse the corresponding A band is also diffuse. 

While this paper was being written Asundi*® reported that in the presence 
of argon at high pressures, he was able to photograph the bands in emission 
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Fig. 3. Potential energy curves of the known states of the S; molecule. The *=~, and 
3y-, curves have been drawn using Morse’s equation. 


beyond the first limit of predissociation. If the mechanism of predissociation 
given by all thus far is correct, it is difficult to see what effect the presence 
of argon could have except that of increasing the population of the levels with 
v’>9. Thus, although dissociation does take place there are still sufficient 
molecules present in these states to emit the bands with sufficient intensity 
to be observed. 

VII. Heats oF DissoctaATION 


In our previous paper’ we showed that the main system of S2 bands is 
due to a *X,~-«—*,~ transition, and is analogous to the Schumann-Runge 
bands of Oo. We should, therefore, expect the normal *2,~ state of S2 to dis- 
sociate into two *P atoms just as in the case of Og, and similarly the upper 
state *X,~ to dissociate into a°P and a'D atom. 

From the graph w,:v for the *X,~ state we obtain by linear extrapolation 
2.07 volts for the heat of dissociation D’ of this state.4° Hence the total energy 
required to excite the molecule into the *=,~ state and to dissociate it is: 


ve + D’ = 3.98 + 2.07 = 6.05 volts. 


39 R, K. Asundi, Nature 127, 93 (1931). 
40 Of the 2.07 volts the energy is known up to 1.01 volts and the rest is extrapolated. 
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The *II, level which causes the predissociation must also dissociate into 
two *P atoms, since there is no other possible atomic state between the *P 
and 'D states. From the description of the phenomenon of predissociation 
as observed in these bands given in section VI it is clear that the rotational 
lines of the bands, are sharp up to A2792.8 where they begin to become diffuse. 
The rotational lines immediately below \2792.8 which are diffuse in absorp- 
tion correspond to transitions from the higher rotational levels in v’’ =0 to 
the corresponding levels of v’ =10. These lines are diffuse because the rota- 
tional levels of v’=10 have energies which lie in the continuous energy 
range of the ‘II, curve (i.e.>D’’). Since the lines near the head of the 
10-0 band (v=36101 cm~') also are diffuse the energies of these lines are 
greater than D’’. The head of the 9-0 band is sharp so that its energy is less 
than D’”’. In I, moreover, it was shown that the rotational lines of the 9-1 
and 9-2 bands could be followed to K~30. The line having K ~30 corre- 
sponds to an energy 35713 cm'!'+ ByK(K +1) ~ 36000 cm™. This energy must 
be less than D”’ otherwise the rotational lines could not have been observed 
in emission. D”’ must therefore lie between 36000 and 36100 cm.-! Therefore 
D” =4.45+0.01 volts." This value is in good agreement with the chemical 
value 103600 cal =4.5 volt obtained by Budde.” By extrapolation of th w.w 
graph for the *{,~ state we ought to obtain the same value for its energy of 
dissociation D’’. But, as in the case of Oz, this extrapolation leads to a value 
of D” which lies above the correct values for Sz as obtained from predisso- 
ciation.® 

Using the values of r,’ and r,’’ given in I and the values of v,, D’ and D” 
obtained above, we are able to draw the potential energy curves of the *2,~ 
and *2,~ states of Se using Morse’s equation,“ (see Fig. 3). Assuming the 
II, curve to intersect the *X~, curve at about v’ = 19 and v’ = 11 according to 
section VI and to give two *P atoms, we may draw this curve as shown in 
Fig. 3. 

According to the above results the separation of the 'D and ‘I atomic 
states must be 6.05 —4.45=1.60 volts. The value of this separation for O 
as given by Frerichs* is 1.95 volt and the corresponding separations in the 
Se and Te atoms as determined by McLennan and Crawford* are 1.2 and 1.3 
volts. By interpolating we obtain 1.6+0.1 volts for S which is in good agree- 
ment with the value given above; 

The authors wish to thank Professor R. S. Mulliken for his interest and 
criticism in connection with this work. 


41 G. Herzberg, Zeits. f. Physik 61, 604 (1930) lays great stress on the fact that one can ob- 
tain only a maximum value of the energy of dissociation from predissociation data. From our 
interpretation of the phenomenon it is clear that a fairly accurate determination is possible 
for S». 

® Budde, Zeits. f. Analyt. Chem. 78, 169 (1912). 

* The linear extrapolation in this case will be very inaccurate as it is much greater than 
in the *Z,7~ state. 

4 P. M. Morse, Phys. Rev. 34, 57 (1929). 
“* R. Frerichs, Phys. Rev. 36, 398 (1930). 
# J. C. McLennan and M. F. Crawford, Nature 124, 874 (1929). 
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NOTE ON MODES OF SPECTROGRAPH 
SLIT IRRADIATION 


Donxatp C. STOCKBARGER AND LAURENCE BURNS 
RADIATION MEASUREMENTS LABORATORY 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 


(Received February 26, 1931) 


ABSTRACT 


The mercury lines, 3650-63, have been photographed with very approximately 
coherent slit irradiation and with a number of different slit-widths. Maximum sharp- 
ness and resolution were obtained when the slit-width had a rather critical value. 
Multiple lines appeared when a multiple of the critical slit-width was used. Diffraction 
patterns appeared between the lines when the slit was made narrower than the critical 
value. A more detailed account of the research, of which this is but a small part, will 
appear later. 


HE recent appearance of a mathematical paper by van Cittert' has 

prompted us to publish a small portion of the experimental results which 
we are accumulating in our study of spectrograph slit irradiation. Although : 
the work has been in progress for nearly a year we do not feel justified in at- 
tempting to treat the subject in a general way until the entire program has 
been covered. The results presented will serve, therefore, merely as an in- 
dication of what we are finding, viz., that the width and shape of a line 
image are influenced to a large degree by the mode of slit irradiation. 

We were led to undertake the research by difficulties encountered during 
the past few years in connection with such things as line absorption and in- 
tensity measurements. Evidently others have experienced similar difficulties.’ 
Sometimes photographed lines appeared to have absorption cores when there 
were no assignable reasons for self-reversal. In one instance several lines 
seemed to suffer a shift of wave-length so great that no known agencies could 
account for it. Although the false effects could be eliminated usually through 
adjustment of the optical system, we felt that a systematic investigation 
should be made in order to remove the necessity for cut-and-try methods. 
Practically no help was found in the literature. 

Van Cittert treats the two special cases, coherent and noncoherent mono- 
chromatic irradiation, in some detail and draws conclusions in regard to a few 
intermediate modes such as would be met in practice. Wadsworth* and 
Schuster* had already treated the completely noncoherent case but, as van } 
Cittert suggests, a self-radiant slit which is sufficiently narrow is practically 

1P. H. van Cittert, Zeits. f. Physik 65, 547 (1930). 

* Shenstone, Phys. Rev. 34, 726 (1929). 

3’ Wadsworth, Ast. Jour. 1, 52 (1895); ibid. 3, 170 and 321 (1896); ibid. 4, 54 (1896); Phil. 
Mag. 43, 317 (1897). 

4 Schuster, Ency. Brit. Article on Spectroscopy; Ast. Jour. 21, 197 (1905). 
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unattainable. Approximately noncoherent irradiation can be realized through 
the use of a very broad source or by imaging a source on the slit with a very 
large condenser lens. Departure from noncoherency of irradiation may lead to 
narrower lines but it can also seriously affect their shapes. In ordinary prac- 
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Fig. 1. Slit 2.5 divisions. Note the pronounced diffraction background. 
i Fig. 2. Slit 3.5 divisions. 
Fig. 3. Slit 4.5 divisions. Sharpness and resolution appear to be best with this slit width. 


tice this departure may be considerable. For every mode of slit irradiation 
there exists a slit-width which should not be exceeded. This width being 
measured in wave-lengths, the correct setting for one spectral region is in- 
correct for another. 
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| Fig. 4. Slit 9.5 divisions. 
’ Fig. 5. Slit 12.5 divisions. 
Fig. 6. Slit 14.5 divisions. 


In general, we find our experimental results to be in qualitative agreement 
with van Cittert’s mathematical analysis. We are including intermediate 
modes of irradiation, however, and consequently are finding different orders of 
effects and some effects not mentioned in his paper. 
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In the example selected for this note, the source was a low pressure quartz 
mercury arc placed 2.25 meters from the slit of a Hilger E2 quartz spectro- 
graph. To narrow the beam of radiation an opaque screen with a window, 
about one centimeter in diameter, was mounted 25 cm in front of the arc. The 
arc and screen were carefully adjusted in position so that the radiation passed 
through the center of the collimator lens. This mode of irradiation, which 
approached the coherent case, was of such a nature that pronounced diffrac- 
tion effects were observed, but it was not an extreme case. The 3650-63 lines 
were photographed with different slit-widths, and then the plates were exam- 
ined with the aid of a recording microphotometer. 

Figs. 1-10 show that maximum sharpness and resolution of the lines were 
obtained when the width had a rather critical value, viz., 4.5 divisions on the 
drum. At multiples of the critical width the lines tended to appear equally 
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Fig. 7. Slit 21.5 divisions. 
Fig. 8. Slit 26.5 divisions. 
Fig. 9. Slit 31.5 divisions. 
Fig. 10. Slit 36.5 divisions. 


multiple, e.g., a doubling occurred at twice the critical slit-width. For widths 
between multiples of the critical value the diffraction patterns were not as 
regular. The lines were often well resolved even when they appeared to be 
multiple. Below the critical width, however, the spaces between the lines 
were filled with a diffraction background of considerable density. 

Evidently accurate est:mates of the relative e intensities would be 
difficult to make in some of the cases illustrated, either through measure- 
ment of areas or from reading maximum densities. Furthermore, very mis- 
leading information concerning true line shapes could easily be got from an 
examination of the images. The minima due to doubling might be mis- 
interpreted as an indication of reversal. In extreme cases the diffraction 
patterns might even suggest fine structure. 

We plan to present in much greater detail in a forthcoming paper the re- 
sults of similar studies made with a number of modes of slit irradiation. Some 
of these modes give rise to doubling or trebling with wide separations between 
components. 
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THE MASSES OF 0!" 


By Harotp C, Urey 
DEPARTMENT OF CHEMISTRY, COLUMBIA UNIVERSITY 


(Received March 9, 1931) 


ABSTRACT 


The rest mass of O" is calculated from the known rest masses of N“, He‘, and H! 
and the masses due to the kinetic energies of He‘, H', and O"’ as determined by Black- 
ett and Harkins in the transmutation reaction N“+Het—O'"+H}!. The only assump- 
tions involved are that the conservation of momentum and of mass-energy holds in 
these reactions. The masses secured in this way from seven sets of data do not agree 
within the probable limits of error for the experimental data. It is suggested that this 
is due either to the formation of O" atoms of different masses and energies in this re- 
action or to the emission of gamma-rays during the collision. The former of these 
predicts discontinuous energy levels while the latter would probably cause the rest 
mass of O" as calculated here to vary continuously. The relation of this calculation 
to the experiments of Bothe and Pose on the ranges of H particles from boron and 
aluminum is discussed. 


LACKETT? and Harkins and his coworkers* have reported the presence 

of anomalous forked cloud tracks when a particles from thorium C and C’ 
bombard nitrogen gas in a Wilson cloud-tract apparatus. These forked tracks 
consist of the usual a-particle track up to the point of the fork; beyond this 
point there is one heavy track due to a heavy atom and one thin track having 
all the characteristics of the tracks of high speed hydrogen particles. These 
forked tracks are anomalous in that the kinetic energy is not conserved. 
Blackett has given a critical discussion of these tracks and shows that the 
range of the heavier secondary track is consistent with the assumption that 
it has an atomic number of 8 and a mass somewhere between 12 and 20 
atomic weight units. It seems certain that only two particles are produced 
as a result of the collision between the a-particle and the nitrogen nucleus be- 
cause only two tracks result and because these two tracks and the original 
a-particle track lie in one plane. The approximate conservation of mass re- 
quires that the heavy particle produced have an approximate atomic weight 
of 17 and thus that it be O'". The subsequent discovery of this nucleus in at- 
mospheric oxygen increases our confidence in the correctness of this conclu- 
sion. 

These authors have secured the velocities of the He‘, O'", and H' nuclei 
(that of N™ is zero) and using Aston’s values for the rest masses of He*, N“ 
and H!, it is possible to calculate the rest mass of O'’ assuming the conserva- 


1 This paper is Contribution 653 of the Department of Chemistry, Columbia University, 
New York, N. Y. 

2 P. M.S. Blackett, Proc. Roy. Soc. 107A, 349 (1925). 

3 W. D. Harkins, and H. A. Shadduck, Zeits. f. Physik 50, 99 (1928); W. D. Harkins, and 
A. E. Schuh, Phys. Rev. 35, 809 (1930). 
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tion of mass and energy. The mass of ©" is then easily seen to be given by 
Mo = [Wiel = VHe-, c*) 1/2 + My = My =sz vn?/c?) . ate = vo" 7) 12, (1) 


where Voi, Ix and AJ are the rest masses of the corresponding atoms 
in atomic weight units (O'=16) and vye, vn and v7 the corresponding veloc- 
ities. The velocities 7, and v are calculated from the angles between the 
direction of the original a-particle track and the directions of the oxygen and 
hydrogen tracks using the formulae 


Mi. sin y Mite sin w 
m= THe ity = 


ons THe a, (2) 
Mo sin (Wy + w) Mo sin (Y + w) 


where ¥ and w are the angles between the a-particle track and the hydrogen 
and oxygen tracks, respectively. These formulae follow if the law of conserva- 
tion of momentum holds for these collisions. The velocity of the a-particle is 
secured from the remaining range of the a-particle at the point of collision by 
using the well-known relation between range and velocity, R = kz". 

Blackett used J/),.=4, 4/J_ =1 and JQ =17 in calculating the values of 
7% and vy and did not correct for the change of mass with velocity. Harkins 
probably used the rest nuclear masses (not the atomic masses) but did not 
correct for the change of mass with velocity. In making the calculations for 
Mo, Muy. =4.00107, Wy = 1.00723, 1g =17 have been used in securing pre- 
liminary values for ?He @H, % and Wo. Using these results values for M/y. 
(L—oye/C)?, Myon /e) 7? and Mo(1 —2*9/c?)-!* were secured which 
were then used in repeating the entire calculation in order to correct for the 
change of mass with velocity and to use only the rest masses of the nuclei 
and not those of the atoms. These corrections changed the values of Jo by 
nearly a constant amount of 0.0007 at weight units and did not change the 
variations in ./9 appreciably. 

The probable errors in this calculation can be estimated more readily 
by expanding (1) in the form 


1 THe 1 TH 
Mo = Mie + My a My + Mie = My— 
2 ¢ 2 ce 
1 ; v0" 3 THe! 3 vn! 
— —(Mye + My — My) + — Mune — —My—-+:--::. (3) 
2 C 8 c ba c 


Then substituting the values of (2) in (3) and neglecting the terms in vy. and 
v'n, We secure 


1 VHe- 1 Mie? VHe- sin? w 
Na Na hn = Tg gig om tm ermine 
2 ce 2 My c sin® (Wy + a) 


1 Mye?( Vine + Mx — My) one? sin? y 


2 M0? c? sin? (W + w) 
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In the last term Mo can be set approximately equal to My.+ My — My since 
this term is small and the equation then becomes 





Mrue sin? w 


c Mu sin? (w +p) 


1 VHe 
Mo = Mue + My — My + > Mite (1 - 
7 (4) 





Mue sin? y ) 
Mue + My — My sin? (¥ + w)/ 


From this it is easily seen that the errors in the rest masses of He, N, and 
H introduce the same error in each calculation and that this is approximately 
Aston’s error in the rest mass of N,' namely~0.0028 atomic weight units 
and that the error in the energy of the a-particle only affects the small quan- 
tity Wo— Mue—AJy+ My. An error of one percent in the energy of the a- 
particle makes an error of only a few units in the fifth decimal place as will 
be seen below. A study of the effects of errors in w and y on the mass shows 
that the error in w is by far the more important because it is a small angle in 
the case of all the forked tracks measured by Blackett and because Mye/ Mn 
(=-~4) is much larger than Mye/(Mye+ Mx — My) (= ~0.235) so that the 
error in the second term within the parenthesis of Eq. (4) is the important 
one. Blackett estimates his mean error of measurement of angles‘ as about 
10’ providing the tracks are not curved and the angles are not near 90°, i.e., 
less than 75°. These conditions are fulfilled in the case of w for every case 
except one in which the tracks are curved. The least laborious way for cal- 
culating this error was found to be a repetition of the calculation of 1/o using 
w+10’ instead of w throughout. The probable error in Mo is then taken as 


AMo — (AM,? + AM,*)'/? 


where A \/o is the probable error of 1p and A.V, and A.W are the errors pro- 
uced by a one percent error in the energy of the a-particle and an error of 
10’ in w, respectively. 

The probable errors in Harkins’ measurements cannot be estimated. The 


TaBLe I. Atomic weights of O'' with that of O'* taken as 16. 





AM, AM, AMo 


Author Mo(nucleus) Mo(atom) x 10° x 10° x 10° 
B4 17 .00067 17 .00504 i a8 7.6 
B7* 16.9965 17 .00402(?) 1.6 7.1 7 .3(?) 
Bl 16.99927 17 .00364 1.3 6.0 6.1 
B5 16 .99893 17 .00330 0.9 Pe om 
B3 16 .99863 17 .00300 0.6 6.6 6.6 
B6 16.99857 17 .00294 0.6 27.7 27.7 
B2 16.99698 17.00135 1.0 8.3 8.4 
Preliminary Mean  16.99895 17 .00332 
17 


Harkins and Schuh 17.0007 


.0050 ? ? 





* The measurements are in doubt because the tracks are curved. 


*P. M. S. Blackett, Proc. Roy. Soc. 103A, 62 (1923). 
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track observed by Harkins and Shadduck’ is difficult to explain because both 
w and yw are obtuse angles so that the conservation of momentum is impossi- 
ble and thus Eqs. (2) cannot apply, while the angles between the tracks are 
not reported in the case of the track observed by Harkins and Schuh. 

The results of the calculations are listed in the Table I. Column 1 con- 
tains a symbol, B1, etc., indicating the first track of Blackett, etc. Alto- 
gether the data are complete for seven tracks. 


DISCUSSION OF RESULTS 


It is evident that the total variation of the calculated masses of O"” is very 
much greater than any reasonable estimate of the experimental errors. The 
lowest value is 0.00197 below the mean. It would be impossible to make a 
sufficient error in the kinetic energy of the a-particle to account for this error, 
for in order that this lowest value should agree with the 17.00300 value it 
would be necessary to assume that the energy of the a-particle was about 
1/6 of that actually used in the calculation. The error in the measurement of 
w necessary to account for this difference would be about 4°. Yet the track 
meets all of Blackett’s requirements and the published track appears to be dis- 
tinct and capable of exact measurement. The largest value is 0.00172 above 
the average. The angle y in this case is 78°52’ and thus difficult to measure 
according to Blackett, but errors in this angle will make only small errors in 
Mo and thus there is no reason to believe that the mass calculated from this 
track is in error. Thus the conclusion that these values of the mass of O" 
do not agree within experimental error seems justified and the preliminary 
average is not permissible. 

The following ways of accounting for the discrepancies may be con- 
sidered: 


1. The oxygen atoms formed may not have the same mass and energy 
and the mass differences measure the energy-level differences of the O"” 
nucleus. If this is the case, one would expect y-rays to be emitted by the O”” 
nucleus very soon after the collision. 

2. y-rays may be emitted during the collision process. 


A descision between these possibilities is not possible on the basis of these 
experiments, nor, in fact, on that of the experiments of Bothe® and Pose’ 
who have shown that the ranges of the H particles produced when a particles 
of uniform range bombard boron and aluminum respectively fall in discontin- 
uous groups. The second assumption is the one usually assumed by workers 
in this field. I choose, however, to use the first, for it is more nearly in accord 
with the well established interpretation of collision phenomena of the ex- 
ternal electron shells. Moreover, the time of collision is of the order of mag- 


5 The figure drawn by these authors does not agree with the angles reported but the writer 
has been unable to reproduce their values for the velocities of O'’ and H' by assuming different 
ways of defining the scattering angles. 

6 W. Bothe, Zeits. f. Physik 63, 381 (1930). 
7H. Pose, Zeits. f. Physik 64, 1 (1930). 
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nitude of 10-*! sec. while the probability of emission of a quantum from the 
nucleus should be about 10" so that the emission of a quantum during the 
collision is relatively improbable. The calculations in either case are subject 
to about the same errors due to neglect of the momentum of the quantum. 
An estimate of these errors can be made easily for the calculations as made 
here. 

It is likely that the y-ray quantum would be emitted within ~10-" 
seconds after the collision. During this time the O'” nucleus would move a 
distance equal to the diameter of one atom and thus the angle between the 
track of the excited O" nucleus and the original a-particle track would not be 
the observed angle used in deriving equations (2), since the momentum of the 
quantum would deflect the track of O'”. To see how large an error this would 
make we shall consider the B4 track and assume that a quantum having 
energy equivalent to 0.00369 atomic weight units is emitted. This should 
give the greatest possible error. If this quantum were emitted in a direction 
parallel to the direction of the O'" nucleus, no change in the angle w would re- 
sult and thus no error be made in the calculation. If it were emitted perpen- 
dicular to the approximate plane of the three tracks, only a slight error would 
be made since the angle between the O" and a-particle tracks would be 
changed but slightly. Finally if it were emitted in a direction perpendicular 
to the O"" track and in the plane of the three tracks, a maximum displacement 
of the O"” track would result. This angle is given by the relation 


Movo sin (Aw) = 0.00369¢ 
or 
0.00369 X 3 X 10!° 


Aw & = 0.014 radians = 50’. 
17 X .454 x 10° 





A comparison with the calculated errors in Mo assuming an error of 10’ in the 
measurement of w shows that the maximum error possible in the B4 case is 
about +0.00038. The error cannot be this large in any other case for the 
quantum cannot be as large as the quantum assumed here unless the rest 
mass of O"" is considerably less than 17.00135 which does not appear likely. 
Thus the actual spacings of the energy levels may be uncertain due to this 
effect by not more than 10 percent of their total separations from the lowest 
level. If the B2 collision does not produce a normal O" nucleus, the maxi- 
mum uncertainty increases in approximately direct proportion to the excita- 
tion energy and the uncertainty remains the same fraction of the excitation 
energy. The probable error would certainly be less, for the quantum may be 
emitted in a more favorable direction and the total excitation energy may not 
be emitted at the same time or in the same direction. The largest atomic 


8 The probability of emission of a quantum is proportional to v*a? where »v is the frequency 
and aa length of the dimensions of the emitting system. Taking v equal to about 10° times the 
frequencies emitted by atoms and a equal to 10~‘ of the diameter of an atom, we see that this 
probability will be 107 times that of an atom which is known to be 108. 
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weight difference of 0.00369 is equivalent to 0.00358A or 3.4 10° electron- 
volts. 

Altogether these estimates of possible errors lead to the conclusion that 
the B1, B5, B3, and B6 values may all be due to one energy level but that B4 
and B2 are due to the formation of O" nuclei of different masses. Finally the 
B7 track may be disregarded because of the uncertainty arising from the 
curved tracks. Three masses separated by about equal differences are in- 
dicated by the data as shown in Table II. The data are too meager and 


TABLE II. 
Track M, Av. M, AM, 
B4 17.00504 17 .00504 
Bl 17 .00364 
BS 1700330 ~~ >0.00182 
B3 17 .00300 deine 
Bo 17 .00294 >0.00187 


B2 17 .90135 17 .00135 


the uncertainty to great to regard these differences as certain, but equally 
spaced vibration levels due to a proton (or neutron) vibrating relative to an 
O"* residue of the O!" nucleus immediately comes to mind as a possibility. 
Bothe’s and Pose’s experiments showing discontinuous ranges of H_ par- 
ticles agree with the assumption of discrete energy levels in the heavier nu- 
cleus as they have indicated.® If the range of the a-particles is uniform as was 
the case in their experiments, and if the energy of the heavier nucleus is small 
as compared with that of the hydrogen nucleus, discrete ranges of H particles 
will occur, the higher range particles occurring when a nucleus of low energy 
is formed. These conditions are not fulfilled by Blackett’s data for the energy 
of the a-particles are not sufficiently uniform. It is of interest, however, to 
note the rough agreement between this data and the data of these authors. 
Table IIT shows the atomic weight of O'" as calculated, the kinetic energies 
TABLe_E III. 


Evie Eo Ex vH 
Track M, xX 10*3 x 10*3 x 10*3 «10-° Ru(cm) 
B4 17 .00504 8.35 1.94 4.30 2.58 17.2 
B7 17 .00402 8.64 1.08 5.95 3.25 34.3 
Bi 17 .60364 7.63 0.98 5.40 3.09 29.5 
B5 17 .00330 7.45 1.90 4.65 2.87 23.6 
B3 17 .00300 6.96 1.72 4.64 2.87 23.6 
B6 17 .00294 8.70 3.15 4.49 2.64 18.4 
B2 17 .00135 8.28 1.55 7.78 3 51.1 


71 
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of the a-particle, and of the H and O"" nuclei, the velocity of the H nucleus 
and its range in air calculated from the formula, Ry/Rye=v'y/v* ye. The 


® E. Rutherford and J. Chadwick, Proc. Camb. Phil. Soc. 25, 186 (1929) conclude that the 
variation of Blackett’s data is outside experimental limits of error, but do not calculate the 
masses of O"’ as is done here. 
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kinetic energies are expressed in atomic weight units per gram molecule 
(at. wt. of O"8=16). The energy of the O'’ nucleus is considerably smaller 
than that of the hydrogen nucleus except in the case of the B6 track. The 
shortest range H nucleus is indeed that of the B4 track and the longest that 
of the B2 track as expected. The irregularities of the ranges as compared to 
the calculated masses of O'? can be seen to be due to the variations in the 
kinetic energies of the a-particles or of the O'7 nucleus. 

Bothe and Becker!’ have detected the emission of y-rays from lighter 
elements during the disruption of the nucleus in agreement with the expecta- 
tions of this calculation and the interpretation of the results. They report, 
however, that the y-radiation in the case of nitrogen gas bombarded with 
a-particles from polonium is very weak. This does not contradict the predic- 
tion of y-rays in the collisions observed by Blackett, for they are all due to 
a-particles of considerably longer range (6.24 to 7.79 cm) than those from 
polonium. 

On the basis of this calculation the atomic weight of O"" cannot be greater 
than the minimum value calculated, namely, 17.00135 + 0.0028 if the atomic 
weight of O"* is taken as 16.000. 


10 \W. Bothe, and H. Becker, Zeits. f. Physik 66, 289 (1930). 
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PROPAGATION OF LARGE BARKHAUSEN DISCONTINUITIES 
By K. J. Sixtus anp L. Tonks 
GENERAL ELECTRIC COMPANY, SCHENECTADY, NEW YorRK 
(Received February 28, 1931) 


ABSTRACT 

Large Barkhausen discontinuities have previously been observed by Forrer and 
by Preisach in nickel wires and hard-drawn wires of the nickel-iron series respectively 
under stress. A prediction that these discontinuities occur in form of a propagation 
along the wire, starting at a nucleus, has now been substantiated. In the experiments 
an additional local field was used to start the propagation at a definite point on the 
wire, which was in a uniform magnetic field, and the velocity was determined by meas- 
uring the short time interval elapsing between the passage through two search coils 
around the wire. With a fixed value of tension on the wire, the velocity » was found 
to vary approximately linearly with the applied uniform field 77, so that » =A (J7—H). 
A is the slope of the velocity-field characteristic and Hp is called the critical field. 
Measured velocities range from 500 to 40,000 cm sec™. Hp varies with composition, 
amount of cold working, and with the stress applied to the wire. Increasing tension 
reduces the critical field over the greater part of the Ni-Fe alloy composition range. 
The behavior of 7) with increasing and decreasing tension shows the presence of elas- 
tic hysteresis. A is nearly constant for changes in tension, in diameter of wire, for 
composition of wire, and is the same for a strip. Its value is approximately 25,000 cm 
sec”! gauss7}!, 

The existence of eddy currents limits the speed with which magnetism can 
penetrate the wire. A rough calculation of this time gives values in the neighbor- 
hood of 10-2 sec. Thus a discontinuity travelling at 10‘ cm per sec. occupies a length of 
some 100 cm on the wire. This was substantiated both by measurements of the peak 
voltage induced in a search coil and by oscillograms taken of the induced voltage. The 
observed passage times agree well with the theoretical penetration times. 

The constancy of thev-Hslope for wires of different diameters is believed toindicate 
that thevelocity depends upon surface phenomena rather than volume phenomena. The 
velocity would thus be determined by conditions existing near the front edge of the dis- 
continuity where the penetration is still slight. The critical field is believed to repre- 
sent a threshold value of magnetic field which must be exceeded at all points of the 
wire before reversal of magnetism can occur. The excess of the impressed field over the 
critical is nullified during propagation by the fields arising from the eddy currents. A 
possible picture of the discontinuity is one in which the reversal occurs within a min- 
ute distance of an approximately conical surface in the wire, the edge of the base of the 
cone forming the front of the wave. 

The explanation advanced by Preisach for the asymmetric hysteresis loops 
found if one limit of the magnetization cycle was reduced has been extended. 
In this case magnetic inhomogeneities act as nuclei. Mechanical distortion in- 
troduces inhomogeneities of another type which also lead to the very easy formation 
of a nucleus. The phenomena found with torsion are more complicated than for 
tension. In some cases the slope of the v-J7 lines shows appreciable variation with 
direction of twist. The results of tests with various compositions of the nickel-iron 
series are described using both tension and torsion, but no newrelations to other proper- 
ties of these alloys can be given so far. Identifying HZ) with coercive field, R. Becker's 
theory has been compared with our results. It appears that in most cases increased 
elastic tension and increased cold working stresses shift Ho in opposite directions. 
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BARKHAUSEN EFFECT 


1. LARGE BARKHAUSEN DISCONTINUITIES 


INCE the discovery of the Barkhausen effect, it has been a well-established 

fact that a great part of the change in induction in a ferromagnetic when 
subjected to a varying field, is made up of discontinuous changes. These or- 
dinary discontinuities can only be observed after amplification and are not 
detectable by the ballistic method. Large discontinuities were first observed 
by Forrer! in 1926 in the hysteresis loop of a strained nickel wire. Later 
Preisach? showed that wires of Ni-Fe alloys under the influence of any stress 
(tension, torsion, bending) gave large discontinuities in a longitudinal field. 
In some cases these discontinuities were equal to almost the whole change in 
induction between saturation in the two directions. 

If one tries to picture the manner in which such a magnetization discon- 
tinuity occurs, one is struck by the difficulty of accounting for a simultaneous 
reversal in the whole length of a fine wire. This consideration led Langmuir 
to predict that the magnetization first reversed at one point in the wire, form- 
ing a nucleus, and that the two boundaries which were thus formed then trav- 
elled along the wire with a finite velocity which probably depended on the 
magnetic field strength and the elastic strain. This prediction has been well 
substantiated by the experiments which will be described in what follows. A 
preliminary report of this work has appeared in the Phys. Rev. 35, 1441 
(1930). 


2. THE PROPAGATION OF MAGNETIZATION 


Several investigations on the propagation of magnetic waves have been 
carried out. The method used has been the same in all cases. An iron wire or 
bar was subjected to an alternating magnetic field at one point and the phase 
shift and maximum value of induction a certain distance away were meas- 
ured. Zenneck* proposed a theory for the observed effects, based on the as- 
sumption of eddy currents as a determining factor, and postulated the 
equivalence of electric and magnetic waves propagating along a ferromag- 
netic conductor. But the velocities corresponding to the observed phase shifts 
differed within a wide range (10° to 10° cm/sec), the whole phenomenon ap- 
peared to be very complex, and no effort was made to relate theory and ex- 
periment to each other. 

The problem appears simpler in the case of the propagation of a single dis- 
continuity, particularly a 100 percent discontinuity, by which is meant one 
in which the reversal of saturation is complete. In such a case we are dealing 
with a medium of finite conductivity and permeability unity but capable of 
reversing its magnetization at a point under a certain critical local condition. 


1M. R. Forrer, Journ. de Physique [VI] 7, 109 (1926). 

2 F, Preisach, Ann. d. Physik 3, 737 (1929). 

3 A. Oberbeck, Ann. d. Physik 21, 672 (1884); 22, 73 (1884). H. A. Perkins, Amer, Jour 
Sci. 18, 165 (1904). Lyle and Baldwin, Phil. Mag. 12, 433 (1906). C. V. Drysdale, Electrician 
67, 95 (1911). 
* T. Zenneck, Ann. d. Physik 9, 497 (1902). 
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This local condition is defined by two variables, the state of elastic strain and 
the magnetizing force. 

It was thought that general energy considerations might enable us 
to make an attack on this problem. A change of intensity of magnetization 
AI in a field JZ represents an available energy density of J/AJ. This 
must at least exceed the energy dissipated by the eddy currents accom- 


panying the magnetization wave.’ These losses can be estimated as follows. 
The whole change of magnetization intensity, AJ, is assumed to occur in a 
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Fig. 1. Illustrating the induction of eddy currents by a moving magnetic discontinuity. 


thin plane slab, S, moving with velocity v as shown in Fig. 1. The time inte- 
gral of the e.m.f. induced in an annular volume dw of radius r will be that due 
to the change in flux, Ad, inside that ring, that is, 


fra = Ad/c = rr?-4r Al /c (1) 


where F is the e.m.f. induced in dw and c is the ratio of units. The chief con- 
tribution to this integral will occur while the discontinuity is within a distance 
of dw which is comparable with its radius r. Accordingly, instead of | Fdd, 
where F is the e.m.f., we may write FAf, approximately, where Af=2r/z. 
Applying this to Eq. (1), we have 

P = 2r*rvAl/c. (2) 

Since F is acting for a time Af the eddy current loss in dw is F*Atdrdl 

2rrp where p is the specific resistance. Combining with Eq. (2) and integrat- 
ting, the energy loss per unit length of wire of diameter a is found tobe 
E = (4/3)x*a*v(Al)*/pc?. The magnetic energy available is E,,=7a*JIAl. 
Equating the two we find for the velocity 

v = (3/42) pc? /aAl (3A) 
in magnetic units or 
'= 0.76 X 10°pH/aAl (3B) 


o. 


in practical units. 


5 This reasoning obviously neglects any elastic energy changes which may occur. 
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Another calculation based on what appeared to be a less favorable hypothe- 
sis at the time was made by Dr. H. Poritzky. The assumption that the mag- 
netization change occupies a length, A, of the wire, long compared to a, gives 


At = X/2. 
Reasoning as before, it follows that 
0 = (1/29?)pc2H/a2Al (4A) 
in magnetic units, or 
v = 0.51 & 10°%pHd/a?AT (4B) 
in pratical units for this case. 
3. APPARATUS 


Theory of method. In measuring rectangular hysteresis loops of the same 
type as published by Preisach, it was noticed that the field strength at which 
the large discontinuity occurred, which will be called the starting field, was 
variable within a few percent in successive experiments. Since the occurrence 
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Fig. 2. Schematic diagram of circuit for velocity measurements. 





of the large discontinuity depends upon the spontaneous formation of a nu- 
cleus, as described in Section 1, this erratic behavior can either mean that one 
nucleus was itself starting erratically or that different points along the wire 
were acting as nuclei. To control the creation of a nucleus an “artificial nu- 
cleus” was made by locally increasing the field strength by means of a current 
through a small magnetizing coil which created a local adding field. If then 
the homogeneous field, which will be called the main field, was set at a value 
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below the starting field, the large discontinuity could be initiated by applying 
the local adding field. The change in magnetization then begins at this point 
and propagates into the homogeneous part of the field where its velocity can 
be determined in the following way. If we place two search coils around the 
wire at a known separation, the discontinuity in travelling along the wire will 
produce successive voltage surges in these coils. If their time interval be 
measured, the velocity can be calculated. 

Design of apparatus. The main field (Fig. 2) was furnished by a helix of 
65.5 cm length containing 1200 turns of copper wire of 0.051 cm diameter, 
wound on a glass tube. Thus the uniform part of the field is given by JJ = 23.07 
(i being the magnetizing current in amperes). The decrease in J] 23 cm from 
the middle of the coil is 0.5 percent. At first a liquid resistance allowing con- 
tinuous variation of current was used, but later on a slide-wire resistance was 
found to give a sufficiently gradual variation. 

The wire under investigation was held in the axis of the coil and could be 
subjected to tension or torsion or both in the same way as described by Prei- 
sach. The tension was read by a spring balance and the twist by a pointer 
connected to the wire. The wire was surrounded by a capillary glass tube 
so as to permit its easy replacement with the search coils in place. 

Each search coil consisted of 5000 turns of copper wire of 0.008 cm diam- 
eter. Since the length of the winding was 0.65 cm and the inner and outer 
diameters were 0.4 and 1.8 cm respectively, the voltage induced in them could 
not be proportional to the change in flux in one point on the wire, but gave an 
average over a distance comparable with the outer diameter (i.e., approxi- 
mately 2 cm). The coils were wound on hard rubber spools and could be 
moved separately along the capillary tube by means of strings connected to 
them, and their positions could be read by pointers fastened to the strings and 
sliding along a scale. In most cases their separation was kept at 20 cm, each 
being 10 cm from the center of the main field. 

The additional local field was produced by a coil of 10 turns of copper wire 
of 0.051 cm diameter, wound on a spool which was also movable along the 
wire. Generally the adding coil was placed at a distance of 24 cm from the 
middle of the main field. 


Time-measuring arrangement. For measuring the time interval between 
the voltage impulses induced in the two search coils by the passing discon- 
tinuity, a vacuum tube device (Fig. 3) was built. This system, which is sim- 
ilar to the one used by Turner for his Kallirotron amplifier,® has two stable 
states of current distribution, if voltages and resistances are properly ad- 
justed. In State 1, plate current is flowing only in Tube I and there is no 
measurable plate current in Tube II; in State 2, current is flowing only in Tube 
II and there is no current in Tube I. To explain this let us assume that both 
tubes carry current. If a negative voltage impulse is now applied to the first 
grid, the plate current in Tube I decreases and in turn reduces the potential 
drop in Ry, which makes Grid II more positive. The plate current in II there- 


* L. B. Turner, Radio Review 1, 317 (1920). 
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fore rises, causing an increasing potential drop in Ry, and since this drop fur- 
nishes the grid bias for Tube I the grid voltage in I becomes still more nega- 
tive. This cumulative action proceeds until practically no current is flowing in 
I, while the plate current in IT has its full value. The current may now be 
shifted back to Tube I by applying a sufficient negative voltage to the grid of 
Tube II. Since the minimum value required increases as the resistances R, 
and Ry; are increased, the sensitivity of the circuit is under control. Two UX- 
112A tubes were used. 
















W 
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Circuit I 


To Search Coil 
Circuit! 
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Fig. 3. Time-measuring circuit. 


In making a time interval measurement this circuit was put into State 1 
and a negative voltage impulse excited by Search Coil I was applied to the 
grid of Tube I. This shifts the current over to Tube II. After a time interval 
t the impulse from Search Coil II impressed on the second grid stops the cur- 
rent in Tube II. Thus the quantity of electricity which has passed through 
Tube II is a measure of the time ¢ between the impulses. This quantity was 
measured by a ballistic galvanometer so that ¢ was given by 


ipl = CO (5) 


where 7p is the plate current, C the ballistic constant of the galvanometer, and 
6 its deflection. 

This relation was checked by means of a pendulum which opened two 
contacts in succession. Each contact was joined in series with a battery and 
the primary of a transformer, and the secondaries were connected respectively 
to the grids of Tubes I and II of the timing circuit. The opening of the con- 
tacts thus produced voltage impulses on the grids. The pendulum was cali- 
brated by using a known condenser discharging through a known resistance. 
The time interval found from the pendulum calibration agreed with those 
calculated from Eq. (5). This means that the shift of the current from one 
tube to the other occurs in a time short compared with the time intervals to 
be measured. 

The negative voltage impulse applied to tube I had to exceed a certain 
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minimum value (for given voltages and resistances in the timing circuit) but 
if it were too large, the current, after shifting to II, failed to return with the 
negative impulse on II. Thus it was necessary to keep the impulses within a 
certain range. The timing circuit was so adjusted that impulses of 1 volt op- 
erated it, and this voltage was obtained independently of the magnitude of 
the voltage induced in a search coil in the following way: The impulse from 
each search coil was amplified by a two-stage resistance-coupled amplifier 
whose output was impressed on the grid of a thyratron’ as shown in Fig. 4. 
The sudden rise of plate current, from 0 to 100 m.a. in the present circuit, 
being independent of the voltage impressed on the grid, always gives the 
same voltage of approximately lv. across the secondary of the transformer in 
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Fig. 4. Thyratron relay. 


the plate circuit. The 4-uf condenser and 50,000-ohm resistance made it pos- 
sible to stop the discharge in the thyratron by simply closing the switch S, 
thus setting the circuit for the next impulse. 

The maximum voltages induced in the 5000 turn search coils were of the 
order of 0.1 v. The amplification of the amplifiers used was about 120. As the 
grid bias of the thyratrons was so adjusted that positive impulses of about 1 
v. would start the discharge, both thyratrons were started before the voltage 
impulse reached its maximum (See oscillograms Figs. 11 and 12). The whole 


7 A thyratron is a three element tube containing a small amount of mercury. The cathode 
of the one used was oxide coated. In a thyratron which is initially carrying no current, current 
does not start to flow as long as the grid potential is less than a certain value. As soon as the 
grid voltage exceeds this critical value, however, the full plate current begins to flow, and from 
this moment on the grid has no further influence on this current. By using a proper value of 
grid bias this tube can be used as a relay, as in Fig. 4, or as a peak voltmeter. See: A. W. Hull, 
Hot-Cathode Thyratrons, Gen. Elec. Rev. 32, 213, (1929) and 32, 390 (1929); A. W. Hull and 
I. Langmuir, Proc. Nat. Acad. Sci., March 1929; A. W. Hull, Trans. A.I.E.E. 47, 753 (1928). 
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arrangement, it was found, worked satisfactorily down to time intervals of 
0.5 X10-* sec, since all time constants were kept as low as possible. 

Hysteresis loops. Hysteresis loops were taken with the magnetizing coil 
and one search coil (Fig. 2). The latter was connected to a ballistic galva- 
nometer (Leeds and Northrup Type HS No. 2285d) with a sensitivity as used 
of 1425 Maxwell/Sc. div. and a period of 30 sec. The direct effect of the mag- 
netizing coil on the search coil was compensated as usual by a mutual induc- 
tance. 

4. VELocITy MEASUREMENTS 


Composition and treatment of specimens. The wires used in our experi- 
ments were made from ingots of electrolytic nickel and Armco iron plus 0.25 
percent manganese to make the alloy ductile. The ingots were swaged and 
then drawn down to 0.10 cm diameter, sometimes to 0.076 cm, with anneal- 
ing. From this diameter the wires were cold drawn to 0.038 cm. The per- 
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Fig. 5. Hysteresis loops for a wire under different tensions. Wire of 0.038 cm diameter from 
ingot No. 32, 15 percent Ni-Fe (only half of the total loop is shown). 


centage of Ni was determined for each wire investigated by chemical analysis. 
In this section we shall deal mainly with alloys of between 10 and 20 percent 
Ni since these show the phenomena of propagation very markedly. In Section 
11 the results with wires of other compositions will be considered briefly. 

The wires were aged by stretching them for about 1 hour with loads near 
to the elastic limit, because more consistent results were obtained in this way. 
The aging load was never exceeded by the vensions used in the course of an 
experiment. Incidentally, in these hard drawn wires the breaking point lies 
only slightly beyond the elastic limit. 

Effect of tension on hysteresis loops. Fig. 5 shows hysteresis loops for a 
wire of 15 percent Ni Fe and 0.038 cm diameter (cold drawn from 0.076 cm) 
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under different tensions. These loops are of the same type as the ones ob- 
served by Preisach. With no load only the ordinary Barkhausen discontinu- 
ities occur and these cannot be detected by the galvanometer. With rising 
tension the formation of large discontinuities begins until with high tension a 
great part of the whole change between negative and positive saturation oc- 
curs in one single discontinuity. The maximum magnetizing field was in all 
cases 34.5 gauss. The curves show that for increasing tension the remanence 
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Fig. 6. Velocity field curves for a wire under different tensions. Wire of 0.038 cm diameter 
from ingot No. 14, 14 percent Ni-Fe. 


increases until it equals 100 percent saturation as exactly as we could meas- 
ure. The coercive field on the other hand is reduced by increasing tension. 

Velocity measurements. A complete set of velocity measurements covered 
both variation of tension and of magnetic field. This was accomplished by 
finding the relation of velocity to field at each of a series of values of tension. 
In this series the tension was increased from zero to a maximum and then de- 
creased again. At any one tension the starting field (see Section 3) was de- 
termined so that it might serve as an upper limit to the fields which could be 
used in the velocity determinations The main field was then set at a value be- 
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low this, and the propagation was started by sending a current through the 
adding coil. The velocity of propagation was obtained from the throw of the 
ballistic galvanometer in the timing circuit and the known separation of the 
coils. 

The results for a wire, 14 percent Ni-Fe, 0.038 diameter, are given in Fig. 
6 for several values of tension between 38 and 92 kg/mm’, the range in which 
large discontinuities were found. These curves exhibit some very striking 
features. They are, except in two cases, straight lines and are approximately 
parallel to each other. The higher the tension the further are the curves 
shifted to lower field strengths. The failure of the curves taken with decreas- 
ing tension (marked “Decr.”) to coincide with the curves taken with in- 
creasing tension (marked “Incr.”) shows the presence of elastic hysteresis 
which was observed directly by stress-strain measurements. When the wire 
which had undergone the stress cycle described was allowed to “rest” without 
tension for an hour, it reverted almost completely to its original condition, 
so that approximately the same cycle could be reproduced. 

Observations of velocity were made down to velocities as low as possible 
but in many cases the experimental points could not be measured below 1000 
cm/sec. In this neighborhood the discontinuity, after passing the first coil, 
often failed to reach the second one. In view of the linearity of the curves it 
is quite reasonable to suppose that the failure to propagate at low velocities 
does not arise from any inherent limitation in the mechanism of propagation 
but rather from irregularities in the wire which, influencing relatively small 
portions of the material, are unable to affect seriously a discontinuity propa- 
gating under more favorable conditions. For this reason the curves have been 
extrapolated to zero velocity, and the intercept with the //-axis has been in- 
terpreted as the limiting field in which propagation at a velocity approaching 
zero would occur in an ideal wire. This field will be called the critical field and 
will be designated by JJ. 

The behavior of the v-/7 curves with respect to the elastic hysteresis men- 
tioned is peculiar in that the successive curves with decreasing tension instead 
of lagging with respect to the “Incr.” curves, as they would if /7») were a func- 
tion of elongation, show the opposite behavior. This could be due to two 
types of response in the wire, one an immediate elastic response, and the other 
a slower and limited plastic yield. A lowering of JZ by the elastic strain com- 
bined with an increase of JZ) with plastic deformation would account for the 
phenomenon observed. (See Section 12). 

Judging from their general character, the curves may best be represented 
by an empirical formula of the type 


v = A(H — Hy) (6) 


where v is the velocity of propagation, and A is the slope of the line which was 
within 25 percent of a value of 25,000 cm sec™ gauss“. 

When the velocity was measured over subdivisions of the usual 20 cm and 
over other portions of the wire still within the uniform 46 cm of field, this 
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velocity was found to be always the same for the same conditions in the cases 


where the v-// characteristics were straight lines. When these characteristics 
were curved, however, the velocity showed some variation. This suggests 
that the curvature arises in some way from a variation in the state of the wire 
along its length. 

One of the cases in which the characteristics showed the greatest curva- 
ture was that of the wire whose hysteresis loops were shown in Fig. 5. These 
characteristics are reproduced in Fig. 7 as an example of the greatest devia- 
tion from the simple relations usually found. 

The above tests were originally made with a view to testing the constancy 
of the velocity of propagation. Another test consisted of varying the position 
and intensity of the adding field. It was found that for a certain position of 
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Fig. 7. Velocity-field curves for a wire under different tensions. Wire of 0.038 cm diameter from 
ingot No. 32, 15 percent Ni-Fe. 


the adding coil a certain minimum current was required to start the discon- 
tinuity, but that this minimum varied in successive trials. The average of 
this minimum at each of several successive points along the wire was found to 
vary considerably, exhibiting maxima and minima even in the homogeneous 
part of the field. The velocity of propagation was independent of both posi- 
tion and magnitude of adding field as long as this field did not add to the uni- 
form field between the search coils appreciably. 

The magnitude of the discontinuity is nearly constant over the homogene- 
ous part of the field; only at very low velocities do large differences at different 
points appear. Since large differences at the same point in successive trials 
were also found, we can only conclude that the behavior is erratic at low ve- 
locities. 

It is significant to note that the general effect of the aging process referred 
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to at the beginning of this section is to increase the critical field but to leave 
the slope of the characteristic in most cases unchanged. This suggests that 
while the critical field depends on the strain state of the wire, the slope de- 
pends on other factors. 


5. COMPARISON OF EXPERIMENTS AND THE Eppy-CURRENT THEORY 


It is now possible to make a direct comparison of the velocities appearing 
in Fig. 6 with those calculated from the eddy current formulas derived in Sec- 
tion 2. For 15 percent Ni-Fe p=30X10-* ohm cm and using an average value 
of I/ of 5 gauss and an average value of AI of 2400, Eq. (3B) gives v=250 cm 
sec’! compared to velocities well exceeding 10* cm sec™! in many cases. A 
discrepancy in the other direction might well have been explained on the basis 
that the magnetic energy was only partially available for conversion into eddy 
currents. Eq. (4B), however, permits of velocities greater than those given 
by Eq. (3B) roughly in the ratio that \ exceeds a. Actually, the observed ve- 
locity of 104 cm sec~! would require a ratio \/a = 60. But how could a transi- 
tion 60 times as thick as the diameter of its front characterize the definite 
self-propagating phenomenon we were observing? 

At least, the formulas gave experimental hints and also served to empha- 
size certain features of the velocity-field characteristics. We have already re- 
marked that these characteristics do not pass through the origin so that v is 
not proportional to J7. This might be an indication that, for some reason, the 
magnetic energy available is not JAZ but (JJ —J1))ATI so that on this hypothe- 


S1S 
» = 0.51 X 10%A(H — Hy)/a2dT (7) 


On the other hand, such reasoning would increase \/a over ten-fold since 
I] — Hy is some 0.4 gauss compared to the 5 gauss assumed for H at v= 10* cm 
sec"!, 

A comparison of velocity-field slopes with AJ (or AB as in Fig. 8) shows no 
such correspondence as indicated by Eq. (3B) and a check of slope against wire 
diameter gave the values of slope shown in Fig. 9. The wires used were of 
10 percent Ni-Fe and were cold drawn from 0.102 cm to the different diame- 
ters. Over a three-fold range of diameters, namely, from 0.020 to 0.061 cm 
the observed slopes, taken for one wire at different tensions or for different 
wires, lie scattered in the range 2 to 3X10* cm sec™! gauss~!, and show no 
evidence of an increase in slope with a decrease in diameter. The 0.071 cm 
diameter slope is probably not comparable with the rest because the magni- 
tude of the discontinuity gradually decreased as it proceeded along the wire. 

The successively smaller wires have been subjected to successively greater 
amounts of cold working thus raising the question as to how comparable the 
results can be on this account. It has been pointed out, however, (Section 4) 
that the aging process has a marked effect on the critical field but almost none 
on the v-J7 slope. And later it will be seen that annealing wires of various di- 
ameters, succeeded by cold drawing to a uniform size, again yields specimens 
having different values of Hy but approximately equal v-H7 slopes. Thus the 
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differences in cold working are probably of no significance as regards our 


present conclusions. 
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Fig. 8. Magnitude of the discontinuity and velocity as functions of field and tension. Wire of 
0.038 cm diameter from ingot No. 14, 14 percent Ni-Fe. 


The evidence against the eddy-current theory which we considered to be 
most convincing was given by the following experiment. A wire of 0.254 mm 


em.secy' Gauss"! 



































40000 
8 
9 90000 ; + - 
o ° ' ° ? 
-_ ° 
(920000 
10000 0 
ms on 2D 4 5 6 mi -8mm. 
0 j i! n il nl mM 1 MI 
T T T T T T T T : 
0 4 & 12 16 20 24 28 #£=32mil. 


Diameter of Wire 


Fig. 9. Slope of velocity-field curves for wires of different diameters. Wires from ingot No. 24, 
10 percent Ni-Fe. 


diameter was rolled down to a strip 0.076 mm thick and 0.53 mm wide. AIl- 
though the influence of eddy currents is, of course, reduced considerably in 
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comparison with the round wire, the v-/7 slopes measured for the strip fall in 
the same range as the slopes found for wires. 

At this stage in the investigation we found ourselves in the position of 
observing magnetic discontinuities travelling with such high velocities that 
for the phenomenon to be energetically possible this “discontinuity” must oc- 
cupy a length on the wire of at least 60 times and perhaps 750 times (if energy 
available is (J7 —1))AJ) the wire radius. The proof that this actually occurs 
is a result of the measurements on the voltage induced in the search coils and 
of the oscillograms of the wave shape which are described in the next two sec- 
tions. 


6. VOLTAGE MEASUREMENTS 


We have already mentioned the fact that the voltages induced in the 
search coils are of the order of several tenths of one volt, but we should expect 
much higher voltages on the basis of a plane wave front. Let us make the as- 
sumption that the total change in flux, Ad = 47 lines (for a change in induction 
of Ad = 40,000 gauss) in a 0.038 cm wire, produces a voltage in the coil during 
the time Af, which the jump needs to travel a distance equal to the diameter 
(2 cm) of the coil. That will give us an average value of voltage to be ex- 
pected, and the maximum voltage might be much higher than this. Now 
v=10-8nAd/At where v is the voltage induced in a coil of » turns. Taking 
n=5000, and At=2X10~ sec (for a velocity of 10,000 cm/sec), we obtain 
11.8 volts as a lower limit for the peak voltage. The existence of any such volt- 
ages would have rendered the use of amplifiers in the original velocity meas- 
urements entirely unnecessary. It therefore became of interest to eliminate 
this large discrepancy by direct voltage measurements. 

In our determinations a thyratron circuit, similar to the one shown in 
Fig. 4, was used as a peak voltmeter. By adjusting the grid bias in several 
trials, a bias value was found at which the single impulse just started the dis- 
charge. The difference between the known critical voltage and the applied 
bias is the peak voltage of that impulse. The voltage induced in a 200-turn 
search coil was amplified by two screen-grid stages, giving a uniform amplifi- 
cation of 120 in the frequency range between 30 and 10‘ cycles/sec. While a 
single search coil permits the measurement of the voltage peak only, it was 
thought that two search coils with variable separation and connected in 
series-opposition would allow a rough determination of the wave shape itself 
to be made simply by plotting the observed peak voltage against coil separa- 
tion. A more detailed analysis made after numerous measurements had been 
taken shows that this experiment would give the same apparent wave-front 
shape for a variety of actual shapes. 

Thus in Fig. 10 the shape of the curves which were obtained in this way is 
roughly that to be expected from the method used, leaving as significant 
features only the voltage maximum attained and the least separation of the 
coils which gives that maximum. The former yields the maximum rate of 
change of flux, the latter the distance from wave front to this point in the 
wave. 
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The curves of Fig. 10 depict measurements made with different values of 
main field, that is, with different velocities. Over a 3-fold range of velocities 
the maximum is seen to come between 4 and 6 cm from the beginning, and the 
plot to the right shows that the peak voltage is proportional to the velocity. 
This indicates that the discontinuity retains an approximately constant 
shape as its velocity changes. 

Although the two-coil method fails to give the wave shape near the wave 
front it is reliable beyond the voltage maximum. This region was explored by 
connecting the coils in series-addition (the negative peak voltage with the 
series-opposition connection could also have been used) but as the oscillo- 
grams taken subsequently cover the same range in greater detail these results 
will not be given. 
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Fig. 10. Amplified peak voltage induced by the discontinuity in two search coils connected 
in series-opposition. Voltage amplification 120 times. Wire of 0.038 cm diameter from ingot 
No. 14, 14 percent Ni-Fe. 


A comparison between the voltages induced in two coils of 200 and 5000 
turns, respectively, was made to make sure that the internal capacity of the 
coils was not reducing the coil voltages. The ratio of voltages found, namely, 
0.023/0.59 =0.039, so nearly checks the turn ratio as to prove that any such 
effect is negligible in these experiments. 


7. OSCILLOGRAMS 


Further information concerning the nature of the discontinuity was ob- 
tained from oscillograms of the voltage induced in a search coil. The circuit 
connections were made in this order: 5000-turn search coil to high resistance 
potentiometer to amplifier to oscillograph. The potentiometer was used to 
obtain a suitable oscillograph deflection in each case. The amplifier had 
3-resistance-coupled stages. The oscillograph was of the Blondel type. The 
vibrator used to reproduce the voltage had a sensitivity of 1.45 m.a./mm and 
a natural frequency of 1000 cycles/sec. Figs. 11 and 12 show the amplified 
voltage wave superimposed on the plate current of the last tube for a wire of 
14 percent Ni-Fe and 0,038 cm diameter under a tension of 92 kg/mm?. In 
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Fig. 11 the discontinuity is traveling at a rate of 17,000 cm sec” in a field of 
4.25 gauss, in Fig. 12 the velocity is 7000 cm sec™ in a field of 3.91 gauss. We 
note the steep rise of the voltage and the long tail with many irregularities. 
But in interpreting these curves we have to bear in mind that the resolution 
of the method is limited by three factors. First, there is the limited space 
resolution of the search coil, a factor also present in the method employed in 
Section 6. It has already been estimated that this limit is of the order of 2 cm 
for the 5000-turn coil used. But of more importance here is the second factor, 
the limited time resolution of the oscillograph vibrator. The maximum in 
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Figs. 11 and i2. Amplified voltage induced in a 5000-turn search coil by the discontinuity. 
Velocities: Fig. 11, 17,000 cm sec (see Table I, Osc. No. 29); Fig. 12, 7000 cm sec (see Table 
I, Ose. No. 28). 


Fig. 11 occurs only 0.68 X 10-* sec after the beginning of the deflection. Since 
the period of the vibrator is 10~* sec, the oscillograms can give us no useful 
information concerning the fore-part of the wave. 

The two factors mentioned are of little importance as regards the general 
shape of the tail of the wave, but here the third factor enters, the fact that the 
voltage surge produces a charge on every inter-stage condenser, which dis- 
charges comparatively slowly. This appears in the zero shift occurring in the 
oscillograms. In this connection it is interesting to note that the peak volt- 
ages were about 25 percent lower than those found in the preceding section, 
undoubtedly on account of the second factor. 
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The area under the oscillogram curve is proportional to the total change 
in flux through the search coil. The area when measured (allowing in any 
reasonable way for zero shift) gave a value of flux change only a few percent 
less than that found ballistically, Section 3. Thus the third factor can be 
estimated with fair accuracy. 

It is essential to know which features of the wave are characteristic of a 
propagating discontinuity in general and which arise from special local con- 
ditions. Successive oscillograms at the same point are identical except for 
small variations in the details. Oscillograms taken at different points along 
the wire show greater variation in the minor discontinuities, but the total 
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Fig. 13. Change of induction with time (upper part) and penetration of induction into the 


wire. (The shaded area represents the portion of the wire which has changed direction of mag- 
netization). The radial dimensions are magnified 675 times with respect to the axial dimensions. 





duration of the wave and for the most part the main structure, involving per- 
haps two or three major peaks, are preserved.* The main structure is un- 
altered if the main field is changed so that the wave velocity is different. 

Incidentally, the oscillograph was used to obtain a check on the velocity 
measurements made with the timing circuit by recording the impulse from 
the two search coils connected in series at a known separation. The agree- 
ment was exact. 

Since the integral of the voltage curve from its beginning gives the total 
flux change in the wire up to the corresponding time, an oscillogram enables 
us to plot this flux as a function of distance along the wire if we make use of 
the known velocity. In addition to the plot of the integral in Fig. 13, we have 


8 In the single experiment made, the voltage maximum decreased with distance travelled 
by 20 percent in the central 20 cm of the main field, although ballistic measurements have 
shown in general that the magnitude of the whole discontinuity remains unchanged. 
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shown the change as progressing from the surface of the wire inward, assum- 
ing that each element of the wire completely reverses magnetization instan- 
taneously.® The existence of eddy currents definitely requires that the prog- 
ress of the change shall be inward, and the instantaneous reversal is plausible 
if a quantum phenomenon is involved. 

Such an analysis applied to the oscillogram of Fig. 11 gives Fig. 13. In this 
particular case the jump was 97 percent of saturation reversal, and as shown, 
the 3 percent deficiency has been localized at the axis of the wire. The justi- 
fication for this is not clear-cut but has some basis in the consideration that 
the orienting forces are probably least at the axis. 

The most striking feature is the experimental demonstration of the fact 
that the wave occupies a length of some 100 cm in the 0.038 cm wire, a length 
of the same order of magnitude as calculated in discussing Eq. (7). The com- 
parison of experiment with theory will, however, be based on time of passage 
rather than length of discontinuity for two reasons. First, because the oscil- 
lograph measures time directly and second because the formulas developed in 
Section 2, being based fundamentally on skin-effect considerations have to do 
with the time required for a magnetic field to penetrate to a certain depth. 
They are not concerned with conditions at other points relatively large dis- 
tances away. On this basis, the only possible interpretation of these formulas 
is in terms of the time required for the change at a single cross-section to com- 
plete itself. Eq. (3) has been definitely found to be inapplicable. Eq. (4), as 
modified in Eq. (7), gives for this time, 


bt = X/v = 1.96 X 10-Sa2AT/p(H — Ho) (8) 


Table I sets forth our most representative comparisons between the di- 
rectly observed times required for the discontinuity to pass (Column 5) and 


TABLE I. Comparison between the experimental and calculated times of penetration. 




















Osc. Main Field Al Velocity | Time 4t in 10~* sec. | Ratio Length A 
No. Gauss Gauss cm sec"! Exp. Cale. | Stexp/dtcale | cm 
18 4.48 1740 4000 13.5 4.0 3.4 54 
11 4.60 2110 7400 11.1 2.5 4.4 81 
14 4.72 2250 10700 6.2 1.8 3.4 66 
15 4.84 2300 14000 4.8 1.4 3.4 66 
48 4.48 1740 4000 18.7 4.0 4.7 79 
49 4.60 2110 7400 9.4 2.5 3.8 70 
50 4.72 2250 10700 10.2 1.8 5.7 109 
51 4.84 2300 14000 6.6 1.4 4.7 92 
28 3.91 3240 7000 22.5 4.2 5.4 157 
29 4.25 3240 17000 6.0 1.7 3.5 102 
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Nos. 28 and 29 are taken with 92 
kg/mm? (H)=4.35 gauss). 


tension (47)=3.68 gauss), the rest with 62 


kg/mm 


the times calculated from Eq. (8) (Column 6). The small numerical value of 
the ratio of these two (Column 7) constitutes a satisfactory check in view of 
the manner of deriving Eq. (7), and the constancy of this ratio for velocity 


® In this connection see Section 8. 
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ratios of 3.5 to 1 lends strong support to the fundamental correctness of the 
calculation. Unfortunately, simultaneous velocity and oscillograph measure- 
ments on wires of other diameters have not been made so that the dependence 
of 6¢ on a has not yet been checked. 

The question as to whether the whole hysteresis loss is an eddy-current 
loss or whether appreciable transfer to heat occurs through magnetostrictive 
vibrations, quantum transitions, and possibly other mechanisms, has never 
been conclusively answered. The present results, however, furnish a very 
strong indication that at least for large Barkhausen discontinuities only a 
small fraction (J7 —JIy)/ JI of the magnetic loss goes into eddy currents. 

The possibility presents itself that the remaining energy appears as mag- 
netostrictive energy. An experiment in which we tried to detect either a mo- 
mentary or permanent change in length of the wire accompanying a reversal 
gave a negative result. The accuracy was not quite good enough, however, to 
be able to reject this hypothesis definitely. 

In view of the large penetration times found by us, it becomes of some 
interest to inquire just what Preisach (reference 2, p. 778) was measuring 
when he detected harmonics to 10’ cycles, sec in a stretched wire subjected to 
a 6000 cycle magnetizing field. It is impossible to say conclusively in the ab- 
sence of definite data, but it may be pointed out that in 0.5 X10~7 sec. 0.01 cm 
of wire surface to either side of a nucleus can reverse by propagation and that 
the increase of field in that time interval may well cause a large number of 
magnetic elements to reverse spontaneously, thereby becoming nuclei. The 
combination of propagation and nucleus formation may easily cause the re- 
versal of an appreciable fraction of the surface of the wire during this time. 
On this basis the reversal time of a nucleus or any small portion of the wire 
may be far less than the minimum fixed by Preisach’s experiment. 


8. THE NATURE OF THE DISCONTINUITY 


Experiments have enabled us to outline roughly the flux distribution in 
the discontinuity, Fig. 13, and an eddy-current theory has been advanced 
which gives the penetration time. The only results, however, so far obtained 
which throw the slightest light on the longitudinal velocity are those which 
show that the slopes of the v-/7 curves for different size wires and even for the 
strip are all approximately the same. This indicates that the velocity, which 
corresponds to a given /J—JI), being independent of cross-section, is deter- 
mined only by conditions existing within a small distance of the surface. 
Since the front edge of the wave lies in the surface, we have been led to the 
view that the forces at the wave edge determine the velocity, the rest of the 
wave penetrating the wire as fast as eddy currents allow. It seems plausible 
to assume that the force required to reverse an element of the wire is JJ) itself 
or is directly related to it. On such a basis a too-rapid progress of the wave 
would either give rise to eddy currents or alter the wave configuration near the 
front in such a way as to reduce the force at the wave front below the min- 
imum reversing value. In this case no new elements could reverse until eddy 
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currents had decreased or later portions of the wave had advanced sufficiently 
to reestablish the minimum field. 

Any theory must take cognizance of the electromagnetic field set up by 
the discontinuity. As a solution of Maxwell’s equations for the discontinuity 
shown in Fig. 13, travelling at a high velocity, seems to be extremely compli- 
cated at the best, the attempt might be made to disentangle the various fac- 
tors for the simpler case of very low velocities. As a first step we shall assume 
as an approximation that the shape of the wave is independent of velocity in 
the experimental range and remains constant in the limit as v0. It may 
then be possible to make a first order calculation of magnetic field arising 
from eddy currents for low velocity and assume that this remains valid at the 
highest velocities measured. The proportionality of peak voltage to velocity 
and the approximate shape constancy found by experiment themselves 
strongly suggest that first order effects are the important ones. 

Let us tentatively assume that Fig. 13 indicates the nature of a discon- 
tinuity travelling from right to left with magnetization reversing from posi- 
tive to negative. Both unchanged and reversed portions of the medium pre- 
sent north poles to the wave front with the result that it is a surface of mag- 
netic charge of pole strength m per unit area, m being given by 


m = Aldy/dx (9) 


where y is the depth of the discontinuity below the wire surface at a distance 
x back from the front edge. This distribution of magnetism, supposed sta- 
tionary, gives rise to an almost radial magnetic field from the discontinuity 
surface outward. An approximate calculation of this field can be made on the 
assumption that y xx. For the 100 cm discontinuity in the 0.038 cm wire with 
AI equal to 3240, Eq. (9) gives 


m ~ 3240 K 0.019/100 = 0.62 
whence the radial field near the front edge is 
H, = 4rm = 8 gauss. 


A field of this magnitude would not allow the elements which are com- 
pleting their reversal to align themselves axially, but a little consideration 
will show that their deviation from axial alignment need be very little in order 
to annihilate the internal poles. Referring to Fig. 14 showing the discontin- 
uity FF’ travelling with velocity 7, it is readily seen that if the intensity of J» 
in the reversed domains forms the same angle with FF’ as the original intensity 
I,, there is no pole development in the wire. The angle 8, being twice a, will 
thus be about 2X0.019/100 =3.8 10-4 radians which is a negligible devia- 
tion from perfect alignment. Finally, this deviated J. can be joined to the 
axial J, which is supposed to exist when the discontinuity has completely 
passed with a discrepancy only of the order of (3.8 10~*)*. 

In this representation the reversal of intensity occurs within a distance 
equal to the thickness of a domain, but it is also possible to picture the transi- 
tion as being much less abrupt. The one condition to be fulfilled, established 
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by the requirement that no internal poles develop, is that the intensity of 
magnetization be solenoidal throughout the wire, or, mathematically, that 
V°:Z=0. This means, of course, that we can imagine tubes of intensity drawn 
in the wire and that all poles develop on the surface. A little consideration 
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Fig. 14. Compensation of internal poles. 


shows that this surface distribution of pole strength is given by the oscillo- 
grams. Fig. 15a shows two possible configurations of intensity tubes for an 
iron-nickel strip with idealized surface distribution. Only half the strip is 
shown. As represented, the tubes are of equal strength and therefore ter- 
minate at the surface in equal poles as given by equal partial areas under the 
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Fig. 15. a. Possible configuration of lines of intensity in a strip. b. Detail of reversal region. 








distribution-of-magnetism curve. J, can join J, either via the sharp dashed 
bend or via the smooth curve. The former corresponds to Fig. 14, the latter 
to a more gradual transition. 

The interesting feature of this transition is that it cannot occur as a uni- 
form progression. Referring to Fig. 15b, which gives the detail of Fig. 15a, it 
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is seen that such a progression would mean a continually increasing rotation 
of J from domain to domain in going from m to n. This in turn would require 
that the intensity of all domains along pq be parallel. Now it is evident that 
a tube of intensity expands between rs and pq, both of which represent sur- 
faces normal to the tube. Since J is solenoidal, J at pg must be less than J at 
rs, Which is incompatible with detailed parallelism of the domains. But if we 
abandon the idea of uniform progression and suppose that as the reversal re- 
gion mn begins to traverse any small volume (large compared to a domain) 
certain of the domains scattered throughout it reverse before others, then no 
such inconsistency arises. 

The representation of the discontinuity just given has only been recently 
devised and no calculation of the fields arising from eddy currents in the 
neighborhood of the front edge has been made. It seems quite possible, how- 
ever, that they may be comparable with J7—JIo. In that case we shall have 
reached the simple viewpoint that the excess magnetic field over Ho is just 
that necessary to overcome the opposing eddy current field. 

The velocity would thus be dependent upon the surface magnetization 
in the neighborhood of the wave front, the length A of the discontinuity is in 
turn the product of this velocity and the calculable penetration time 6¢. Both 
\ and AJ, as well as a, then fix the average pole strength of the surface. But 
what in turn establishes the surface distribution of magnetism? That must 
probably await a detailed solution. 


9. Tue EFFECT OF INHOMOGENEITIES IN THE WIRE 


Magnetic inhomogeneities. The magnetic and mechanical uniformity of 
the wire is of utmost importance with respect to large Barkhausen discon- 
tinuities. The importance of the first factor has been pointed out by Preisach 
in the experiment in which he varied the limits of the hysteresis cycle. We 
now look at it from a new viewpoint reached through our knowledge concern- 
ing the propagation. In all the preceding experiments the cycle of magnetiza- 
tion was carried as far as +34.5 gauss. Later we performed an experiment 
somewhat similar to Preisach’s. In successive cycles the positive field 
strength limit was decreased as indicated in Fig. 16. On the negative side the 
limit was always at 34.5 gauss. We note that reduction of the maximum field 
on the positive side reduces both starting field and the magnetization change 
at the succeeding jump. In the limiting case, if the maximum positive field 
used is that required to cause the jump, the succeeding negative starting field 
is little less than the critical field for this wire. 

The explanation for this lies in the following. The usually small change in 
induction which occurs after a large discontinuity is irreversible and contains 
smaller Barkhausen discontinuities. Thus in not carrying the cycle to satura- 
tion on the positive side, we have failed to turn a number of elementary mag- 
nets into the positive direction. These particles set up fields in the negative 
direction and thus act as nuclei where a discontinuity may start. The bigger 
such a nucleus is, i.e., the higher the field it produces, the lower the starting 
field which we have to apply in order to start propagation. We should expect 
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Fig. 16. Effect of varying one limit of the hysteresis loop. Wire of 0.038 cm diameter from ingot 
No. 32, 15 percent Ni-Fe. 
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Fig. 17. Influence of a bend in the wire. A. Apparent hysteresis loop of the bent portion. B. 
Hysteresis loop of unbent portion. 
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that the starting field could never be less than the critical field, since we 
found this to be the lower field limit for propagation. In experiment this ex- 
pectation was not quite confirmed since the lowest observed starting field in 
some cases was lower than the critical field. But the deviation in no case 
amounted to more than a few percent. 

Mechanical inhomogeneities. In a special case the range of field strength, 
within which propagation could be observed in a 14 percent Ni-Fe wire of 
0.038 cm diameter and under 62 kg/mm? tension was found to be 4.25 to 
4.65 gauss. This wire was bent in its middle to a semicircle of 2.5 mm radius 
(the wire being strained far beyond its elastic limit in doing this), was then 
straightened out again and was finally put under the same tension as before. 
After this treatment the starting field coincided with the critical field at 4.25 
gauss so that propagation could not be obtained. This behavior can be ex- 
plained by the fact that the bent part has a magnetization curve different 
from the rest of the wire as shown by curves A and B of Fig. 17. Curve A 
was taken in the usual way with a search coil placed at the bent portion of 
the wire. The hysteresis curve so obtained gives a change of induction just 
below the starting field which is even less than the actual because of the flux 
leakage arising from the shortness of the bent portion. Thus when the critical 
field of the normal wire is reached, a considerable part of the bent portion 
has already changed magnetization and again those elementary particles, 
which point in the field direction, act as nuclei to start propagation. 

Another example of the same type of phenomenon is the fact that hand- 
drawn wires have starting fields which lie only slightly above the critical 
field. The irregularity of hand drawing undoubtedly creates “weak nuclei” 
just as the bending did. Since a low starting field makes it impossible to meas- 
ure the higher speeds of propagation, machine drawn wires were used in all 
experiments. 

In all but one early experiment the wire projected from both ends of the 
magnetizing coil so that it extended into regions of comparatively low field 
strength. In that experiment, however, a short wire terminating within the 
homogeneous part of the field was used. This wire was clamped to copper 
wires with brass fastenings and was put under tension. The ends of the wire 
where it was clamped were not under the same strain as the middle part. 
Accordingly they did not have rectangular hysteresis loops and acted as weak 
nuclei. 

From these experiments we can conclude that the upper limit of the 
propagation range is fixed by the non-homogeneity of the wire. The greatest 
range observed extended from 3.20 to 4.75 gauss in the case of a 14 percent 
Ni-Fe wire under combined tension and torsion. To the higher field value 
there corresponded a velocity of 40,000 cm sec™', which is the highest one 
measured so far. 


10. ToRsIoNn 


Preisach obtained great discontinuities in magnetization also when he 
applied torsion to a wire. In this case, too, we found that the magnetization 
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propagated in the same way as in the case of tension. We also observed a 
parallel shift of the velocity field lines to the left for increased twist in the 
range between 8 and 20 percent Ni-Fe, but we obtained much greater varia- 
tions with respect to slope than in the case of tension. Fig. 18 taken for a 
0.038 em, 25 percent Ni-Fe wire shows this behavior very clearly. For this 
particular wire it made a great difference whether the twist was applied clock- 
wise or counter-clockwise and if tension was added still another slope was 
found. All these curves were perfectly reproducible which shows that the 
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Fig. 18. Velocity-field curves for torsion and combined tension and torsion. Wire of 0.038 cm 
diameter from ingot No. 19, 25 percent Ni-Fe. The black dots represent check points. 
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strains were elastic. (The black dots in Fig. 18 were taken after the direction 
of applied torsion had been changed several times.) As another wire from 
the same lot did not exhibit this dependence of slope on direction of twist, it 
is probable that internal strains have an important influence on the slope in 
the case of torsion. More work on wires having different strain distributions 
has to be done before the observed effects can be explained. 

The data for these cases are insufficient as yet for checking the applica- 
tion of Eq. (7). 
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11. Wires OF DIFFERENT COMPOSITION 


Nickel iron wires of 3, 5,8, 10, 12, 14, 15, 20, 25, 35, 40, 55, 60, 78, 80, 90 and 
100 percent nickel content have been examined. We were able to obtain large 
discontinuities (i.e., of more than 80 percent of the double saturation value) 
with fension only in the ranges 8 to 25 percent and 55 to 78 percent.'® From 5 
percent down and from 80 percent up no large discontinuities could be ob- 
served and with 35 and 40 percent only small jumps of about 1/10 of the 
double saturation value appeared under tension. These jumps were very er- 
ratic and probably only included a short length of wire at a time so that 
velocity measurements with these compositions were impossible. Throughout 
the remainder of the range the v-J7 slope did not deviate much from an aver- 
age value of 25000 cm sec! gauss~!, but the effect of tension on the critical 
field varied profoundly. Between 8 and 20 and at 78 percent increasing ten- 
sion reduced the critical field J7o, but at 55 and 60 percent it increased JJ. At 
25 percent there was a pronounced reversal in the dependence of J7) on ten- 
sion. Up to a certain value of tension J/) increased with increasing tension; 
after passing this value the critical field decreased again. 

Torsion produced large discontinuities over the entire range between 8 and 
100 percent Ni-Fe, and the great variations in v-J7 slope already mentioned 
as existing in the 8 to 20 percent interval were found to be present over this 
wider range, varying between the values 10* and 6X10‘ cm sec™! gauss™'. 
There were no simple relations between either composition or amount of 
twist and critical field. The v-J7 characteristics were occasionally curved, 
but no more frequently than in the case of tension. 

No experiments have been carried out on the propagation in wires under 
an elastic bending force. 


12. Tue CritIicaL FIELD 


Some of our experimental results allow comparison with a theory recently 
advanced by R. Becker" which has already been applied successfully to the 
case of nickel under tension.'* Becker introduces the close and important re- 
lation between the magnetic and elastic state of materials by the assumption 
that the direction of magnetization in each Weiss domain is determined by 
the stress tensor in that domain in the absence of an external field. The theory 
enables him to derive hysteresis loops for these districts for different initial 
angles between magnetization and applied field. 

For the limiting case of anti-parallelism between magnetization and field, 
this theory yields a rectangular hysteresis loop for which the coercive field 
is given by 

He = 8SAI» 


10 Preisach (p. 755) has already pointed out that the upper limit coincides with the com- 
position at which magnetostriction and accordingly the effect of tension on magnetization 
change sign. 

11 R, Becker, Zeits. f. Physik 62, 253 (1930). 

#% R. Becker and M. Kersten, Zeits. f. Physik 64, 660 (1930). 
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where S~1 is a factor calculated from magnetostriction, A is the elastic de- 
formation of the domain and J,, is the saturation intensity of magnetization. 
With exact antiparallelism, however, the force couple exerted by the im- 
pressed field is zero, with the consequence that the domain may conceivably 
retain its position of unstable equilibrium even for values of /7 exceeding Hc. 
It is interesting that the Ni-Fe wire as a whole exhibits this behavior. On 
this basis the critical field JJ) is to be identified with the coercive field J/¢, 
while the somewhat erratic starting field corresponds to the indeterminate 
field at which the equilibrium of the Weiss domain may be destroyed. 

As a matter of fact, the wire only approximates to a single Weiss domain, 
both because of the peaks evident in the oscillograms and because of the fact 
that for fields only slightly greater than J/) the reversal of the wire is incom- 
plete (as may be seen in Fig. 8), indicating that the coercive force for certain 
portions of the wire exceeds JJ. It is possible that the AJ vs 77 curves in 
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Fig. 19. Critical field for wires of different diameter. All Wires cold drawn from annealed wire 
0.102 cm diameter from ingot No. 14, 14 percent Ni-Fe. 



































that figure give the proportion of the wire for which J7 exceeds the coercive 
field. 

Becker’s formula, when applied to our conditions, yields values more than 
10 times higher than those observed by us and predicts in the case of iron 
and low nickel-iron alloys for which S is positive, an increase in HZ¢ with in- 
creasing elastic deformation A. In our experiments with Ni-Fe wires of 8 to 20 
percent nickel content, we observed just the opposite relation. This is shown 
clearly by Fig. 19 in which the reciprocal of tension is plotted vs. the critical 
field for different diameters. In a certain range of tensions we obtain almost 
a linear relation between 1/7 and Ho! In his second article Becker recognizes 
this difficulty. 

Fig. 19 allows of one other comparison with experiments made by Becker 
and Kersten. The critical fields obtained for wires of different diameter for 
the same stress are quite different. Since all wires were cold drawn from 0.102 
cm, the explanation lies in the different amounts of cold working the wires 
have suffered. The more cold working, the greater are the internal strains, 
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and the higher the coercive force. In their experiments with nickel wires 
Becker and Kersten are able to obliterate differences in internal strain condi- 
tions entirely by application of high tension and they can account for this 
satisfactorily by assuming that hard drawing produces only longitudinal 
strains in the wire whose influence disappears in the limiting case of high ap- 
plied tension. 

In our case, however, this does not occur, for even with tension near to 
the breaking point, the coercive forces are still considerably different for 
wires subjected to different amounts of cold working. This is illustrated by 
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Fig. 20. Critical field at 62 kg ‘mm? tension for wires with different amounts of cold working. 
All wires of 0.038 cm diameter from ingot No. 22, 20 percent Ni-Fe. 


Fig. 20 which shows the critical field for wires of 0.038 cm diameter annealed 
at the diameters shown and then cold-drawn. Even with 62 kg/mm? tension, 
the coercive force varies between 3.3 and 6.8 gauss. It may well be that radial 
and associated ring strains introduced by cold working play an important 
role in determining the coercive force. On the other hand, Becker and Ker- 
sten’s results on stretched Ni wires where only continuous and reversible 
changes are present show that any radial strains can be neglected. Further 
investigation of propagation in thin strips may give additional information 
regarding the role of strains in this connection, as the strain structure is prob- 
ably much simpler in rolled strips than in drawn wires. 
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Among the various possibilities which present themselves for extending 
this work we intend to refine the oscillographic method further and to use 
that method on different sized wires and strips and also on composite strips 
(strips with a surface layer only of Ni-Fe) with the hope of obtaining a more 
detailed picture of the magnetic discontinuity. We also intend to examine 
the effect of temperature change both on nucleus formation and propagation 
velocity. 

We appreciate the interest which Professor R. Becker has shown in this 
work, and we wish to express our gratitude to Dr. I. Langmuir who, as we 
have said, not only foresaw the magnetic propagation, but has also given 
many suggestions and much advice. 
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FERMI-DIRAC STATISTICS APPLIED TO THE PROBLEM 
OF SPACE CHARGE IN THERMIONIC EMISSION 


By Russet S. BARTLETT 
YALE UNIVERSITY 


(Received March 2, 1931) 


ABSTRACT 


This paper develops mathematically the state of an electron gas in equilibrium 
with a plane electrode when the electron gas obeys the Fermi-Dirac rather than the 
classical distribution law. For a part of the range of integration graphical methods 
were found necessary, but fortunately a change of variable leads to a solution, shown 
graphically, which is independent of the temperature and of the nature of the emitting 
electrode. Thus a single graphical integration can be applied to any emitting surface 
at any temperature, giving the density, electric intensity, and potential at any desired 
distance from the surface. A simple extension of the theory makes possible the calcula- 
tion of the thermionic current between plane electrodes. Numerical examples are 
given, and the validity of the asumptions is discussed briefly. 


HEN Schottky! first proposed that the thermionic work function could 

be explained by the attraction of an escaping electron to its electric 
image in the surface, he discussed at some length the possible effects of space 
charge and “structure effects,” and finally concluded that other forces were 
small compared to the image force. Recently Waterman and the author? have 
questioned this conclusion, and have suggested that, at least under certain 
conditions, possibly always, space charge and structure effects are more im- 
portant than the image force. 

Schottky, assuming the image force to be correct, and assuming a Max- 
well distribution of electron velocities, was able from measured electron emis- 
sion currents to calculate the concentrations of the electron atmosphere at all 
points outside the metal and found it so rarefied that space charge could be 
neglected. This extension of the image force from a region out from the sur- 
face where it can be confirmed experimentally down towards the surface 
through a region where it could not be expected to be valid appears to be un- 
justifiable. The alternative treatment by space charge analysis, which is to 
be developed in this paper, is certainly not free from criticism. In particular, 
it is necessary to apply Poisson’s equation to an electron gas, thus assuming 
a continuous distribution of electricity which certainly does not exist. On the 
other hand it would appear, as is pointed out in a previous paper by Water- 
man and the author, that the choice of suitable statistics may in part avoid 
that difficulty. In any case the space charge method of attack seems justified 
close to the surface where the image force certainly breaks down. In order to 


1 Schottky, Phys. Zeits. 15, 872 (1914). 
? Bartlett and Waterman, Phys. Rev. [2] 37, 279 (1931). 


959 








960 RUSSELL S. BARTLETT 


shed more light on this question certain calculations have been carried out, 


assuming that the electron concentration is controlled by space charge alone. 


EQUILIBRIUM. CLASSICAL DISTRIBUTION LAW 


After the manner of Fry,’ Langmuir,’ and others, consider a stream of 
electrons emerging from an infinite plane electrode with initial velocities 
distributed according to some law. The electrons outside the surface of the 
electrode will induce a charge on the electrode tending to draw the electrons 
back to it. There will be a potential distribution outside the metal surface 
through which the electrons move, those with higher initial velocities normal 
to the surface getting further out before they are turned back. 

With no external field and no neighboring electrode, we may write an ex- 
pression for the charge density at any point in potential space. 


— fi vo) : 
p = 2 ——d% (1) 
(2Ve/m ys v 


where f(v»)dv» gives the number of electrons emerging from the surface per 
square cm with initial velocities normal to the surface lying between vo and 
vo+dvo, while v represents the normal velocities of these electrons at the point 
in question. Clearly 


F 21 
or ne (2) 
m 
Using Poisson’s equation we get 
ay ‘= (20) : 
er =—_— A4rp = — Sze aioe dv. (3) 
dx? (2Ve/m)'? v 


Multiplying both sides by 2 dV/dx and integrating in the usual manner 


gives 
dV\?2 © 
— } = 160mm vf(vo)dvo. (+4) 
dx (2Ve/m)'? 


We cannot proceed further without knowing the distribution law of velo- 
cities expressed in f(vo). For the classical case 
MV 


kT 





; m \12 4 
f (2%) = No e~ mr /2kT or f Vo) = v5 —) ve ™ vg /2kT . (5) 


2rkT, 


where mo is the number of electrons passing through a square centimeter of 
the surface per second, and No is the number of electrons per unit volume at 
the surface. Then 


dV\? / @ \™ is 
——} = l6smNq —— voce ™¥o /2kT day, (6) 
dx 2rk 7 (2Ve/m)*? 


* Fry, Phys. Rev. [2] 17, 441 (1921). 
4 Langmuir, Phys. Rev. [2] 21, 419 (1923). 
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Changing the variable tov gives 


(—) 7 16rmv( ) f p2e— mv? /2kT—Vel kT dy 
dx 2rkT/ Jo (7) 


= 84rNokTe-!*? 





since the integral is a well known form having the value }(8rk*7°/m*)"/2, 
Taking the square root and performing the next step in the integration 


gives 
RT \V21 | 
_ ( ) —etV /2kT (8) 


us No 2e 





The first boundary condition requires that V and x shall approach infinity 
together as dV /dx approaches zero, and this is satisfied by the above equa- 
tions. The second condition specifies that at the surface the number of free 
electrons per cubic centimeter has a fixed value, in this case No. That requires 
that the surface of the metal shall be at x» given by 


kT \"/2 1 
Xo = —- (9) 
F (- x) 2e 


Combining Eqs. (1) and (5) and integrating at once gives Boltzmann’s 
equation 





N = Noe~*!*?, (10) 


We could, in fact, have arrived at Eq. (8) by combining (10) with Poisson's 
equation. But (10) is of interest now in that, combined with (8) it gives us the 
concentration at various distances from the surface. The quantities V, 
dV/dx, x,and N are so related that as soon as we have fixed one all the others 
may be determined from various combinations of Eqs. (7), (8), and (10). It 
is also seen that a different metal, with a different electron concentration at 
the surface, could be handled by the same equations with an appropriate 
value of x» at the surface. 


EQUILIBRIUM. FERMI-DIRAC DISTRIBUTION LAW 


If in Eqs. (1) and (4) we replace the classical expression for f(vo) by that 
obtained from Fermi-Dirac statistics, the problem becomes much more com- 
plicated. 


Now 
2rkTGm? , 
f(v) = — log (Aoe~™*e /247 +. 1) (11) 
1 


where A is a measure of the degeneracy of the electron gas. This gives us 
instead of (1) and (4) the following. 








4rkTGm? Vo 2 
N= J, hog deerme + 1)dn (12) 
h’ (2Ve/m)'* Vv 
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dV\? _ Ley? 2 . 
(- ) = 522k TOL ) f vo log (Ace ™Pe 247 + 1)dro. (13) 
dx h (2Ve/m)'? 


Making the change of variable from v9 to v gives 


and 


4nk1Gm? (¢* 1 
SB. eee | log (Ae7™" /24T 4+ 1)dy (14) 
h’ 0 
where 
A = Age taal 
and 
dV\? ss 2 2 
(<-) om santa 76(~) | y?2 log (Ae~ mv°/2kT oa 1)dy. (15) 
dx h 0 


Since the evaluation of these integrals is rather complicated, it will be 
convenient to make certain substitutions. 








Let 
mv 
= 4? 
2kT 
Let 
f(A) = f log (Ae + 1)du 
0 
and 
g(A) = f u* log (Ae~™ + 1)du. 
Cc 
Then 
_ 2aG(2mkT)8?? 
N= (A) (16) 
h' 
and 





(—) 16m°Gm?!?(2kT)5!? 


dz) h’ e(4). a7) 


For the case where A <1 the solution is fairly simple. Expanding the log 
(Ae'+1) du we get 


f(A) = f [Aem™” — BA%-2™* 4 BAde-3u’ . . . dg (18) 
0 
and 


g(A) = f [Aue — 3A 22-2 4 LASy%- 3"... Jd, (19) 
0 
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The integrals involved are ordinary probability integrals. Hence 
f(A) = 3(m)'2[A — A2/28/2 + 43/38/72. - «| (20) 
g(A) = 3(w)/2[4 — A2/25/2 4 43/352... |, (21) 


Further, for the case where A <1 we get the usual Boltzmann relation that 
N= Noe~*’!*?. When the gas is not classical the Boltzmann relation becomes 
A =A ,e~*"!*T, as Waterman has found from a different point of view. 

When A >1 the solution becomes more difficult since the expansion used 
above is not valid over the total range of integration. It is necessary to divide 
the range of integration into two parts, for which Ae~”’ is less than or greater 
than unity. Then 


/2 


(logA ‘s - (logA ‘ 
f(A) = f log [Ae |du + J log [e*/A + 1]du 
0 0 


« 


+ log [Ae + 1]du 


(logA )? 


(22) 


and 


(log) : ; (logA)”” 
g(A) = f u? log [Ae~“ |du + f u? log [e“’/A + 1]du 
7 (23) 
+ u? log [Ae + 1]du. 


(logA yv3 


If A> 1 (i.e., the electron gas completely degenerate) the first term is the 
only one of consequence. 
This first term can be integrated directly to give 


f(A) = 2/3(log A)?/2 (24) 
g(A) = 2/15(log A)*/2 (25) 


And finally by means of series expansion and integration by parts, involving 
steps of questionable rigor but justified by the result, one obtains 

















f(A) (log a)" 1 + a a 

é = — Jog / _ 

° 3 . 8(log A)? 640(logA)* 6144(log A)® 
(26) 

19 
5 X 2'8(log A)® 
sin pe , Tx 155x° 
= —(jo¢g / oO a=» == 

. " S(log A)? 384(log A)* ~ 43008(10g-4)* 

(27 


3817° | 
2'8(log A)§ 
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where these series, though not convergent, may be used for large values of A, 
and have been checked by graphical integration. 

In the Sommerfeld-Fermi-Dirac statistics, the number of particles per 
unit volume and the energy per unit volume are expressed in terms of two 
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functions F(A) and G(A). It turns out that f(A) as used above is equal to 
m!2/2. F(A), while g(A) =7'/2/4-G(A), thus confirming the results of the 
questionable steps mentioned above. 
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We now have expressions for f(A) and g(A), hence for N and (dV/dx)? 
over four regions, completely degenerate, less degenerate, approaching clas- 
sical, and completely classical. The two extremes are handled by exact ex- 
pressions, the intermediate regions by series, and there is a region between for 
which neither series is valid. f(A) and g(A) have been evaluated graphically 
for this intermediate region. Numerical results of this graphical integration 
and of the series expansions are given in Figs. 1, 2 thus covering the regions 
between the exact expressions for completely degenerate and completely 
classical states. 

For the degenerate state N=41rG(2mkT)*!2/3h'- (log A)*/? and for the 
classical state N=G(2rmkT)*!*/h®-A. For intermediate states N=27G 
(2mkT)!*/h’- f(A) where f(A) for any value of A may be found from the figures. 

Further for the degenerate state 


dV\?3 

(<-) = 324°%Gm*!2(2kT)5/2/15h3- [log (Age! *7) ]5/2, 

x 

Taking the square root of both sides and integrating directly gives 
151/2},3/2 


x= log A~"/4, (28) 
274g G2 3/4( RT) 14 





For the classical state 


dx 





(—-) 4Gm?!?(2ekT)5!/? ; 

= A oe [kT : 
h3 

This also may be integrated directly to give 

j3!2 


t= 
25/4G1/ 2p 3/497 5/4( RT) 1/4 





AmU2, (29) 


For the intermediate region graphical integration is required, since there is no 
exact solution. It is seen that 


- 


J 
Te = const (g(A))!/? = const (g(Aoe~*”/#7))#/2, 
dx 


Since values for the expression under the radical have been tabulated as a 
function of A, easily convertible to a function of V, it is possible to perform a 
graphical integration. To simplify the arithmetical work this has been done 
to give a new function ¢(A) proportional to x, values for which are given in 
Figs. 1 and 2. 

f(A), g(A), and $(A) are perfectly general functions, independent of tem- 
perature and of the nature of the electron emitter. The coefficients of these 
functions in the various equations take care of the effect of temperature. The 
curves in Fig. 1 show these functions plotted against A. The origin at log 
A =O is purely arbitrary. In effect there is no origin, or better, perhaps, each 
particular problem provides its own origin, fixed by the conditions of the sur- 
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face. In practice it is convenient to consider distances and potential differ- 
ences fromx;, V; corresponding to Aj, to x2, V2, corresponding to A». The for- 
mulae below together with the tables cover the entire range of an electron gas. 


V(volts) = 300k7 /e-log A = 690.8kT/€-logio A 


(30) 
= 1.9851 XK 10°4T logio A 

N = 2nG(2mkT)?!2/h8- f(A) = 5.4830 X 10%73/2/(A) (31) 
A> 1 N = 4nG(2mkT)*/2/3h*- (log A)*!? = 1.2772 X 10'T3/2(logio A)*/?_ (32) 
A «1 N =G(2emkT)*?/h®- A = 4.8591 X 1087/24 (33) 

E = 2'8/49G'/2m3/4( kT) 5/4/h8!2- [g(A) ]82E.S.U/em 
= 1843.979/4[¢(.4) |!/2 volts/cm (34) 

A> 1 E = 2'5/49G'/2m3/4( kT) 5/4/15" /2h3/2- (log A)5/4 

= 1909.87°'4(logig A)*/* volts/cm (35) 


AKL E = 29/45 /G 23/4 RT )5/4/h8/2- AY? = 1227.479/4A'? volts/em — (36) 
x = hh? & 0.046052/2'3/4nG"!2m3/4(RT)'4e-6(4) cm 


= 2.1631 & 10°-%¢(A)/T!/4 cm (37) 

AD 1 x = 15!/2f3/2/27/4gG'/2m3/4( RT)" 4e- (log A)-'4 ‘ 
= 4.1770X1077/T"'*- (logig A)~'/4 cm (38) 

AKL x = MPl2/Q5/4GU 234g d/4( RT) 4g. A-N/? 
= 1.4112X10°7/T''*-A—"/? cm. (39) 


A small additive correction is necessary to join different regions. This 
may easily be calculated, but has been omitted here to avoid further com- 
plications. 

{0 
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Fig. 3. Height of potential barrier at different distances from the surfaces. 
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If then N is known for any point, A, V, x, and E may be found from these 
formulae used in conjunction with the figures. And as soon as one of these 
is fixed for another point, all the others may be found. The separation of the 
points in space and in potential is found by subtracting the V’s and x’s for the 
two points. Figs. 3, 4 give some characteristic results for various conditions. 
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Fig. 4. Distances between electrons at different distances from the surface. 


CURRENT TO THE ANODE 


The analysis just given applies to the case of no current, effectively an 
equilibrium case, though it was considered from the point of view of emerging 
and returning streams. Fortunately it is possible to take advantage of earlier 
work by Fry and Langmuir in going over to the case where a current is flow- 
ing from the hot cathode. In Langmuir’s paper two variables are defined 


c 
s 


II 


4(a/2kT)?!/4m!/4(ei)'/2(4 — x,,) (40) 
e(V —_ Fer kT. (41) 


U 


It is easily seen that »=log A—log A,, in our notation. Now the current 
passing a potential barrier V is given by 


x 
i = 2rekiGm?*/h'- f u log (Age~™™ /2*T + 1)du (42) 
(2Ve/m)i/2 
i = 2nGme(kT)*/h*®- Age! *T = 2nGme(kT)?/h?-A (43) 


provided A oe~*"/*? <1. 
If this value of 7 is put into the expression for — above we get 


é = 29 45 /A( RT)! 4973 4e4 gl /2e-eV IAT ( y = Xm), 3/2 (44) 


from which it appears that £=0.0460527'/4/23/4.@(A)-A'/? with similar rela- 
tions beyond the range of ¢(A). Thus it is possible to apply the Langmuir 
Fry analysis to this case if a little care is exercised, using the relation & 
=A l%e-Vi2kT = Alle 

sl¢ 0 Sl¢ . 


: 
| 
i" 
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The Langmuir-Fry analysis assumes electrons streaming out from the elec- 
trode with velocities according to Maxwell’s distribution law. Of these the 
highest velocity electrons escape completely, so that the returning stream 
consists of only a part of the Maxwellian distribution. Now in thermionic 
emission the currents are generally so small that the loss of electrons to the 
returning stream is of no consequence close to the electrode where the distri- 
bution is no longer classical. In the region where the loss of electrons is of 


consequence, the distribution is classical or so nearly so that the Langmuir- . 


Fry analysis can be joined to mine as indicated without serious error. 


ILLUSTRATION OF THE METHOD OF CALCULATION 


Let us take the case of an emitter at 3000°K. 


No=6.2 X10” (tungsten) Parallel plane electrodes 1 cm apart. 
From the figures log A,=9.534 A,=A at surface 
Arbitrarily log A »= — 3.0000 A,,=A at potential minimum 


A simple calculation gives 7 corresponding to A» as 3.612 X10-* amps/cm? 
From the figures @(A .) = 126.59 (A m) = 2002.06 

Using equation (45) £:m=43.399 -&,=—2.744 £,=46.143 

Multiplying by A‘? gives & =1.4592 

To this we add 1.1397 to fit classical to Fermi, 

giving &,’ (from surface to potential minimum) = 2.5989 

From 40 or 44 £’ =43.041 

so that &’ (from potential minimum to collecting electrode) = 40.442 

From tables of Langmuir, extended to cover some cases dealt with here, 
n2 =87.49 (from potential minimum to collecting electrode.) 

n(total) =74.96 V=19.387 from equation 41 

Repetition of this process for a series of values of A » leads to the results given 
in Fig. 5. 
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Fig. 5. Current from emitter at 3000° to parallel electrode 1 cm distant for 
different accelerating potentials, 
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DISCUSSION OF RESULTS 


Fig. 3, showing the height of the potential barrier at various distances 
from the surface, for tungsten, Ny) =6.2 X10”/cm' is interesting in that it 
shows a value for the work function much larger than that conventionally ac- 
cepted, this larger value being necessary to nullify the effect of the zero-point 
energy of a highly concentrated electron gas. 

Fig. 4 shows in effect the average distance between electrons as a function 
of distance from the surface. The distance between electrons is comparable 
with the distance from the surface at a point so close that the image force is 
meaningless, and slightly further out it is seen that an electron is further from 
the surface than its nearest neighbor, showing that space charge is certainly 
important. 

When considering the calculations shown in Fig. 5, it should be rémem- 
bered that the calculations were carried out for plane parallel electrodes, 
whereas experiments have almost invariably used coaxial cylinders. The 
rapid change of space charge outward radially from a fine wire would natur- 
ally lead to different results. In order to test this question, an attempt is now 
being made to reproduce experimentally the conditions here treated theoreti- 
cally. 

There are two more questions of importance that must be recognized here. 
In the first place, the calculated electric field at the surface is so large that a 
great reduction of electron concentration within the surface should result 
from the very large surface charge. Just what effect this might have on the 
case of a current cannot be predicted. The calculations for the equilibrium 
case are still valid, if one chooses a proper electron concentration at the sur- 
face. A second question, of course, is that of the validity of Poisson’s equa- 
tion. It seems to the author that probably this calculation is reasonably close 
to the truth in regions where the concentrations of electrons is large. But at 
considerable distances from the surface, where the concentration is low, 
the approximation to the truth cannot be as good. It is for this reason that 
for the calculation of emission currents the electrodes were chosen so close 
together. Also for this reason results are not given for currents at lower tem- 
peratures. This particular problem will be investigated further. 

In conclusion the author wishes to thank Professor A. T. Waterman for 
many helpful discussions of the problem. 





APRIL 15, 1931 PHYSICAL REVIEW VOLUME 37 
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(Received February 27, 1931) 


ABSTRACT 


oY 


Instead of using pressures of the order of 10-? mm the apparatus described is de- 
signed for pressures in the range 10~* to 10-* mm. Heavy primary current densities 
are used to afford measurable scattered currents, and high angle scattering is found to 
be more easily measurable. It is found that the angular distribution curves for elec- 
trons scattered by mercury are not monotonic functions of the angle of scattering. 
For a given energy of incident electrons the curve passes through a minimum, the 
angular position of which depends upon the energy. 


I. SCHEME OF EXPERIMENT 
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Fig. 1. Diagram of tube. 


HE principles of design of this type of apparatus are well enough known 

so that it will be necessary here to point out only the salient features. 

The tube is constructed of brass. It is 15 cm in diameter, and shaped as in 

Fig. 1. Electrons are accelerated from the tungsten filament F (supplied at 

the center-tap), through the grid A, and retarded between the grid A and the 
first of the collimating slits S). 

The circuits are so arranged that the entire enclosure is maintained at 
ground potential. The electron beam passes diametrically across the chamber 
to the slits Ss, and through these to the Faraday cage C.. 

The axis of the main beam is oriented to be parallel to the horizontal com- 
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ponent of the earth’s field, which is carefully neutralized by one set of large 
Helmholtz coils. A magnetic pendulum was used to determine the necessary 
current. 

Slits S; and S: are optically aligned, and by means of another pair of large 
Helmholtz coils the vertical component of the magnetic field in the apparatus 
is adjusted until the main beam is received on C.. By changing the current in 
the latter coils the beam can be moved back and forth across the slits So. 
This affords a means of measurement of the divergence of the beam. 

Electrons scattered from the main beam are collected principally by the 
walls of the chamber, which are made more absorbing by the use of the copper 
gauze as shown. 

A portion of the electrons scattered at an angle @ in the center of the ap- 
paratus, pass through the slits S; and reach C;. The axis of collimation of 
slits S; passes always through the center of the apparatus as @ is varied. See 
Fig. 2 for a vertical section. 
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Fig. 2. Vertical section of tube. 


Slits S; and cage C; are mounted in the lid on a movable, central, stem 
with a tapered joint as shown. A pointer P reads the angle @, on a scale en- 
graved on the lid. 

Slits S; and S. are 10 mm long. Slits S; are 8 mm long. The spacings and 
widths are so adjusted that, with length considered, 90 percent of the elec- 
trons passing any pair of slits is contained within an angle of +1.5° of the 
central axis of that pair. 

Other details such as accessibility of the filament or of the chamber, are 
explained by the figures. 

The electric circuits are shown in Fig. 3. 


II. THEORY OF APPARATUS 


Let AV be the volume of the intersection of the paths of collimation 
of S; and S;. Let p be the gas pressure in mm Hg; a the coefficient of scatter- 
ing in the expression, 


I = I, exp (— apx). 
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Let J be the current in amperes, at the point “x” measured along the main 
beam from AV; J» the main beam current entering AV; /. the distance from 
C, to AV; 1/3 the distance from C3 to AV (constant). Let f(@)d@ be the prob- 
ability under given conditions that a scattered electron will be deflected be- 
tween the angles @ and 0+d8. 

At any point x in the beam passing AV we have the current 


I = I) exp (— a@px). (1) 
So in the distance dx 
dI = — aply exp (— apx)dr. (2) 
—dI, is therefore the scattered current in the distance dx. 
Let us consider now the current we can hope to receive on C; at the angle 
6. Let J, be the current scattered in AV; w; the width of slits S;. Then 
I, = — dI = aply exp (— apx)dx = aplows/sin 0. 
since x =0 at AV and dx =w;/sin 6. Hence the fraction of J, that is scattered 
between @ and 6+4d@ is given by 
aplowsf() 
——— do. 


sin @ 


(3) 
Of this current only a fraction, K3, will reach C3 because of slits S;. The cur- 
rent is also attenuated by scattering along the path of length /; from AV to 
C;. So the current, J,, received on C; is 

aplowsf (0) K3 


I,= - dé exp (— apis). (4) 
sin 6 





Consider next the current received on C,: because of the slits S. only a 
fraction, Ko, of the incident main beam will reach C;. The beam is also atten- 
uated by scattering along the path of length /,. Hence the current, J,, re- 
ceived on C, is 

Ie = IoKe exp (— aple). (5) 

If we divide (4) by (5) we eliminate Jo: 


I. apK 6 
... Jame dé exp (ap|/z — I3]). 
sin 6 
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The value of K is constant so long as one set of conditions is constant, 
since d0, Ks, K3, l2, and 13, are all functions of a fixed geometry. The K’s seem 
to depend upon the electron speed, and upon the condition of equilibrium of 
the apparatus. This is probably because the condition of the slit surfaces de- 
pends upon the bombardment they receive. During a given run, if the ap- 
paratus has previously been brought to equilibrium, K will remain quite 
constant. However, when the apparatus has been out of equilibrium between 
runs, K will vary by as much as a factor of 5. 

It follows that by measuring J,, J,, and 0, the value of f(@)/K can be cal- 
culated as a function of @. 

It is noted that the current J, received by C3, 


aplow3K3f(0)de 
I,= nb . (6) exp (— afls3) 
sin 0 





goes to zero for high pressures because of the exponent, and to zero for low 
pressures because of the factor ». However it goes to zero much more slowly 
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Fig. 3. Diagram of electrical arrangement. 













































on the low pressure than on the high pressure side of its maximum. This is 
fortunate since the maximum lies at such a high pressure that the condition 
of “single” scattering is not satisfied in an apparatus of practical dimensions. 

In using lower pressures if the product pJ» is kept constant, J, can be 
maintained at a readable value. 

I, was measured by a “null” circuit using a modified Dolezalek electro- 
meter.! ; 

From the experimental values of a, and the dimensions of this apparatus, 
the mean free path of an electron is about the diameter of the apparatus at 
p=10-* mm Hg. Thus at the pressure used (1.8-10-mm) the condition for 
single collision scattering is well satisfied. 


‘ J. M. Pearson, Journ. Op. Soc. 19, 6, p. 371. 
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In order to obtain the intensities of main beam desired some concessions 
had to be made in the voltage distribution of the electrons. Coated, equi- 
potential, low temperature cathodes were tried, but were short lived owing 
to the heavy positive ion bombardment. Heavy tungsten was finally used, 
with a center-tap through which to supply the space current. 

Studies were made of the voltage distribution of the electrons received on 
the Faraday cages. Two things were discovered, namely: (1) that the elec- 
trons were distributed over a range of 3 volts at E; and (2) that the cages were 
inefficient electron collectors. This was made evident by the fact that the 
electron current was cut off by a bias as much as 20 volts less than &, in 
vacuum, when the bias was applied to the cage. If however, the bias was 
applied to a grid somewhat ahead of C; (not shown), the cut-off bias was the 
same as E. This indicated that a deeper cage was necessary, or at least that 
an assisting gradient towards the cage was necessary. 

Because of this low resolving power both at the collectors and at the fila- 
ment, inelastic electrons were not resolved from the elastic electrons. 

The currents received on C, are of the order of microamperes, and are 
measured by a suitably shunted wall galvanometer “G” (Fig. 3). 


III. MANIPULATION 
The apparatus is manipulated as follows: 


(1). After several hours of pumping the filament is lit and the slits are 
bombarded. Liquid air is maintained on both traps. (see Fig. 4.) From two 
to five hours generally suffices to reach a state of equilibrium. 


to pumps | | to MeLeod gauge 


trap no.{ Chamber trap na.2 








Fig. 4. Scattering chamber and connecting traps. 


(2). When equilibrium is reached, an ice bath, vigorously agitated, is 
substituted for the liquid air on trap No. 1. Liquid air is maintained on trap 
No. 2, on the other side, connected to the chamber through a long tube. Thus 
after another lapse of hours the mercury vapor pressure inside the chamber 
becomes stable at very close to 1.8:10-' mm Hg. 

(3). With the magnetic field neutralized and the values of the accelerating 
and retarding potentials adjusted, two sets of simultaneous readings of J, and 
I, are made at each setting of 6. When these pairs of readings check to +5 
percent at each point, the run is accepted. Otherwise the apparatus is con- 
sidered to be out of equilibrium. 

In order to eliminate the effects of the positive ions that are collected due 
to the negative bias on the cages, readings are first taken with a low bias and 
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then with a high bias so that the difference of the readings gives the electron 
current. The positives are usually of the order of one-tenth the strength of 
the electrons. The biases used are marked on the curves. 


IV. RESULTS 


The curves of Figs. 5 to 9 give a graphic summary of the results obtained. 
Of special interest is the fact that the curves are not monotonic, but behave 
as though the scattering were negligible at a certain angle for each electron 
energy. That these phenomena are associated with the mercury is attested 
by the fact that other gases (air, for instance, in thise case) gave monotonic 
scattering curves. In a vacuum (as in (1), manipulations,) no scattering is 
found at all. 
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Fig. 5. Scattering curves. Energy, 100 volts. A, 95 volts; E, 100 volts; M, 0.007 amp.; 
B, —75, —102 volts. Curve 1, positive angles; Curve 2, negative angles taken several hours 
later; Curve 3, negative angles taken several days later. 


Fig. 6. Scattering curves, Energy 125 volts. A, 165 volts; E, 125 volts; M, 0.0058 amp.; 
B, —100, —126 volts. Curve 1, positive angles; Curve 2, positive angles taken later; Curve 3, 
negative angles taken next day; Curve 4, negative angles taken two hours later. 


An interesting relationship is presented by the last curve, where the co- 
tangents of the positions of the minima are plotted with the energies. How- 
ever, lacking a theoretical interpretation this relation may be fortuitous. 

For energies less than 100 electron-volts the main beam currents become 
unmanageably small, while above 200 electron-volts the minima are con- 
cealed in the steep part of the curve. 

That these minima have not been reported before is perhaps due to the 
high angles at which they occur. In this case the use of high primary currents 
makes measurements at the higher angles comparatively easy. 
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The apparatus can also be used to check the scattering at low angles, and 
the results fit Langmuir’s? empirical equation very well: 


$(0) = f@)o-0 exp (— 6°/60*). 


The experimental points found fit best when @)=12.7° at 150 electron-volts 
energy. 

Langmuir finds that for Arnot’s* curve for 82 volt electrons, #9 =11.3° is 
the best value. 
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Fig. 7. Scattering curves. Energy 150 volts. A, 190 volts; EZ, 150 volts; M, 0.006 amp.; 


B, —120, —150 volts. Positive and negative angles read in succession. The solid dots are check 
points taken later. 


Fig. 8. Scattering curves. Energy 175 volts. A, 210 volts; E, 175 volts; M, 0.007 amp.; 
B, —140, —180 volts. Curve 1, negative angles; Curve 2 positive angles taken later. The 
triangles are check points on negative angles taken two days later. 


Some objections to measurements made at small angles can be offered in 
that the resolving power is somewhat diminished at small angles because of 
the slit length. Further investigations may justify a correction for this effect. 

It is the authors’ intention to present these data as being more of a pre- 
liminary than of a final nature. Improvements and simplifications which will 
follow from further work with this type of apparatus, will undoubtedly make 
for greater precision. At present, the loci of the minima are probably not 
determined better than +1.5°. 


2 K. T. Compton, Irving Langmuir, Revs. Mod. Phys. 2, 123 (1930). 
* F. L. Arnot, Proc. Roy. Soc. A125, 660 (1929). 
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In conclusion the authors wish to express their appreciation and in- 
debtedness to Dr. R A. Millikan for his continued interest and advice in this 
work. We should like to thank also the members of the laboratory shops for 
their care and skill in constructing the apparatus. 
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Fig. 9. Scattering curves. Energy 200 volts. A, 258 volts; E, 200 volts; M, 0.006 amp.; 
B, —160, —200 volts. Readings made at different times with apparatus out of equilibrium in 
meantime. 

Fig. 10. Variation of the cotangent of the angle of minimum scattering with electron energy. 


Energy as Weight 
100 volts 65 3 
125 57 3 
150 50 7 
175 44 3 
200 40 1 
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ELECTRONIC VELOCITIES IN THE POSITIVE COLUMN 
OF HIGH FREQUENCY DISCHARGES 


By Econ HIEDEMANN 


PHYSIKALISCHES INSTITUT 
UNIVERSITAT KO6LN 
(Received March 9, 1931) 


ABSTRACT 


Theoretical discussion of the mechanics of individual electrons in the positive 
column of high frequency discharges with special consideration of the effect of elastic 
impacts proves that small mean values of the electric force do not prohibit the produc- 
tion of electrons of sufficient velocity to excite or even ionize gas molecules. 


N A recent paper Charles J. Brasefield' has published measurements of the 

potential drop at the electrodes and the electric force in the positive column 
of high frequency discharges in mercury, helium, and neon for different gas 
pressures and frequencies of oscillation. The procedure of measuring the 
electric force in the positive column was the same as that used by the author.” 
and others in earlier work on high frequency discharges. It consisted in meas- 
uring the total voltage between the electrodes for various distances of the 
electrodes and a given current. The mean electric force of the positive column 
can then be calculated in the known manner, if one assumes that the drop 
in potential at the electrodes is, for a given current, independent of the sep- 
aration of the electrodes. 

Discussing his interesting results Brasefield concluded that “these results 
showed that in general, the magnitude of the electric force was too small to 
produce electrons whose velocity would be sufficient to ionize or excite the 
gas.” This statement would be of the greatest importance for the theory of 
the positive column in high frequency discharges if it were the only reason- 
able inference to be drawn from the experimental results. But an explanation, 
and a very plausible one, may be obtained by calculations similar to those 
given by the author for a similar problem in an earlier paper.® 

In order to look clearly into this matter it is necessary to give the experi- 
mental results, the calculations and the proposed solution of the problem in 
essential detail. 

Brasefield, as others, observed that for a given current and a given fre- 
quency there exists an optimum pressure at which the conductivity is a maxi- 
mum. The electric force at this gas pressure and at gas pressures near to it 
is very small. He then calculates the electric force necessary to give an 
electron the ionizing velocity in an electric field alternating with high fre- 


1 Charles J. Brasefield, Phys. Rev. 37, 82 (1931). 
? E. Hiedemann, Verh. D. Phys. Ges. (3) 7, 47 (1926); Ann. d. Physik 85, 649 (1928). 
3 L. Ebeler and E. Hiedemann, Ann. d. Physik (5) 5, 625 (1930). 
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quency. His calculation gives values for the necessary minimum electric 
force, which is much higher than the electric forces measured at or near the 
maximum of conductivity. 

It may be pointed out at first that this calculation is based on the assump- 
tion that the electric force in the positive column of the high frequency dis- 
charge is the same at any point of the column, which supposition is by no 
means proved or even probable. But supposing that the above-mentioned 
procedure of measurement really gives the electric force in the positive col- 
umn, not merely the mean value of it, a more comprehensive calculation 
gives a result, which differs slightly but not unimportantly from the result 
of Brasefield. 

If Ey is the amplitude of the electric force and f the frequency of oscilla- 
tion, then the following equation is valid: 


mé = eEo sin 2rft. (1) 
Integration of Equation (1) gives 


at C 2 
eee sa mft+C. (2) 


mM LT 


If at the time zero, the electron has the velocity v in the initial direction of 
the electric field‘ then 


e Eo 
C=%+— —.: 
m 2nf 


The velocity of the electron in the direction of the field is then given by Equa- 
tion (3)2 


e Eo 
z= — —(1 — cos 2xft) + vw. (3) 
m 2nf 


The maximum velocity in the direction of the field will be obtained when ¢ = 
1/2 f and is given by 


Umax = — — + 0%. (4) 


4 By the direction of the electric field that direction is meant, in which the e.m.f. accelerates 
an electron. 
5 Brasefield gives the equation: 


e Eo 
x = —-——- [cos 5—cos (22ft+8) | 
m Inf 


where 6 is a phase constant depending on the value of E at the instant the velocity of the elec- 
trons is zero. Brasefield’s equation includes therefore only those electrons which, at the time 
zero, have no velocity or a velocity contrary to the initial direction of the acceleration and 
smaller than the maximum velocity obtainable in half a cycle by the acceleration produced by 
the electric field. Equation (3) on the contrary includes electrons of all directions and velocities. 
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The total maximum velocity of the electron is the velocity in the resulting 
direction of the electron. If this direction forms an angle @ with the direction 
of the electric force, then the total maximum velocity V,,,, will be given by 


. 1 é Eo 
J max > (= — + ro). (4a) 





cos 6 


m af 


The real velocity V of the electron at any moment is the essential element in 
all processess of exciting or ionizing gas molecules. For the following dis- 
cussion, however, it will be sufficient to regard only the velocities in, or 
contrary to, the direction of the electric field. To simplify matters, Eq. (4) 
instead of (4a) will therefore be used from now on. 

The essential difference between the result of this calculation and that 
given by Brasefield is that, to the velocity an electron may obtain in half a 
cycle the velocity of the electron at the beginning of the half cycle must be 
added, with the right sign of course. To calculate the electric force necessary 
to give to an electron the ionizing velocity v;, we must use 

Vi — Vo 


Ey = mf. (S) 
€ 





Now the electric forces measured by Brasefield demand —near the maxi- 
mum of conductivity at least—velocities v9 which are not small compared 
with v;. That means that electrons of nearly sufficient velocity must be 
present at the beginning of half a cycle. How can such electrons be produced? 
This can easily be seen, if one remembers that an electron will make elastic 
impacts with gas molecules before it has obtained the excitation energy.® 
By these elastic impacts it will lose insignificant amounts of energy only, but 
the direction of its motion will be changed. To simplify the discussion only 
those impacts will be regarded, for which an electron will after the impact 
have a component of velocity v’ in the direction contrary to that before the 
impact. 

Let us consider now an electron which, at the time zero, has the velocity 
zero. After half a cycle it will have obtained the velocity »v,,,,. Now this 
electron may have an elastic impact and may immediately after the impact 
have the velocity v’ in the direction contrary to its direction before the im- 
pact. As v’ is a part of its former velocity, we may define v’ by 


, 


v’ = Vmax/M. (6) 
The next half cycle will give to this electron the velocity v’’ 
o” = Vmax tv’ = V max(1 + 1/n). (7) 


6 Here purposely no correct discrimination is made between the possibility for an electron 
to get excitation and that to get ionization energy because the difference of these energies is 
small compared with the difference between one of these energies and the maximum energy ob- 
tainable by the e.m.f. in half a cycle. The excitation energy is of primary importance too; es- 
pecially in those cases in which metastable states are produced and ionization effected by suc- 
cessive impacts. 
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As this may happen several times and the various ” must not be large com- 
pared with unity, one easily sees that, asa result of elastic impacts, an elec- 
tron may obtain a multiple of the maximum velocity obtainable in half a 
cycle. 

This effect of the elastic impacts on the electronic velocities will be effi- 
cient especially at gas pressures for which the path of an electron during half 
a cycle is comparable with the mean free path of the electron. The path of an 
electron with the velocity vo at the time zero between ¢=0 and t=1/2f 
has been calculated*® by integration of Equation (3) to be 


Vo é Eo 
2f om 4rf? 








(8) 


t= 


The gas pressures at which x will be comparable with the mean free path of an 
electron can thus easily be calculated. The result gives pressures of the same 
order of magnitude as the optimum pressures measured.’ 

From Eq. (8) oue sees that Equation (7) is not quite correct, because if an 
electron of the velocity zero at the time zero has made an impact with a gas 
molecule after =1/2/f then the electron will after the impact meet a gas 
molecule before the second half cycle is finished. The velocity of the electron 
immediately before the second impact will therefore be smaller than v’+2,,,,. 
A correct equation can be obtained without difficulty, but even without doing 
so it can easily be seen that matters are much too complicated to allow more 
than a very rough calculation of the critical order of magnitudes. 

In determining the conductivity not only the electrons with excitation or 
ionization energy are of importance, but the positive ions and the slower elec- 
trons too. In an earlier work A. v. Hippel*® has shown that the energy which 
positive ions may periodically acquire in the alternating electric field of a high 
frequency discharge, is to be neglected compared with the ionizing energy. 
He has also directed attention to the fact that positive ions oscillate with only 
very small amplitudes, which at the optimum pressures measured by Brase- 
field may be neglected in comparison with the mean free path. This means 
that, if positive ions have once been produced, the chance of their getting lost 
from the discharge is relatively small when no static electric field is present. 
A small loss of ions on the other hand means a high degree of ionization and 
a high conductivity. The degree of ionization is limited by recombination 
and molecular diffusion to the glass walls and to a large extent probably by 
the static field due to the potential of the glass walls. By elastic impacts 
electrons will not only get a component of velocity parallel to the direction of 
the alternating electric force but also normal to it. As this velocity will not be 
altered by the electric force and as the mobility of the electrons is largea 
steady current of electrons should be derected to the glass walls and produce 
there a negative charge. A short time after the beginning of the discharge 
a stationary state will be reached and a static electric force will be produced. 


7 See also Charles J. Brasefield, Phys. Rev. 35, 1073 (1930). 
* A. v. Hippel, Ann. d. Phys. (4) 87, 1035 (1928). 
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This static field will enlarge the loss of positive ions and produce a deforma- 
tion of the electric field of the alternating e.m.f. Hence the supposition that 
the electric force in the positive column is the same at any point of the column 
cannot be right and any calculation based on this assumption will not give 
correct, but at the best only approximate results. This is another reason that 
the small measured mean values of the electric force in the positive column 
do not call for the conclusion that electrons of excitation energy cannot be 
produced in the high frequency discharge at the maximum of conductivity. 

Another important factor in the conductivity is introduced by the oscilla- 
tion of the slower electrons in the alternating electric field. Their importance 
for the mechanism of the high frequency discharge at low pressures was 
pointed out first by F. Kirchner.’ The motion of these oscillating electrons is 
given by® 


mé = eE, cos 2rft (9) 


and the path in a quarter of a cycle; i.e., the amplitude of oscillation; is given 
by 


x’ = bd ee. (10) 


By comparison of Eq. (10) with Eq. (8) it can be seen that the optimum pres- 
sure for the oscillating electrons has not quite the same value as for the non- 
oscillating electrons, but that it is of the same order of magnitude. The im- 
portance of the oscillating electrons for the conductivity of the discharge lies, 
as is known, in the fact, pointed out by Kirchner, that by oscillating in the 
field these electrons will remain in the discharge. 

Those electrons which at the time zero have no velocity or a velocity in the 
direction of their acceleration in the initial half cycle, will not oscillate in the 
discharge, but go in one direction only (of course without taking account of 
the effect of impacts). During half a cycle, they will be accelerated, during the 
next half they will be retarded by the alternating e.m.f. but they will always 
go forward. At very low pressures. where the mean free path of the electrons 
cannot be neglected compared with the separation of the electrodes, such 
non-oscillating electrons produced near the electrodes may thus reach the 
positive column and their part in the excitation or ionizing processes in the 
positive column may perhaps not be neglected. 

In conclusion it may be said, that the surprisingly small mean values of 
the electric force measured in the positive column of high frequency dis- 
charges near the maximum of conductivity do not at all force one to assume 
that electrons of excitation energy cannot be produced in the positive column 
of these discharges. 


*F. Kirchner, Ann. d. Physik (4) 77, 287 (1925). 
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THE ELECTRICAL STATE OF THE SUN 


By Ross GuNN 
NAVAL RESEARCH LABORATORY, WASHINGTON, D.C. 
(Received March 13, 1931) 


ABSTRACT 


The magnetic field due to the rotation of our galaxy is calculated, and it is shown 
(a) that electricity cannot be annihilated in the sun or stars; (b) that the net electrical 
charge on the sun or a typical star cannot exceed 1 coulomb. The electric fields, 
space charge and potentials of the solar atmosphere are calculated from data relating 
to the solar anomalous rotation and numerical values given. The negative surface 
charge on the sun is calculated to be of the order of 10° e.m.u. The problem of the 
maintenance of the solar electric field is touched upon. 


YSTEMATIC observation of the solar surface by Mount Wilson astron- 

omers and others has shown that many solar phenomena are of such a 
nature that they can be attributed to electrical and magnetic effects. The 
magnitude and distribution of the solar magnetic field has been determined 
by a laborious analysis of Zeeman spectra! and sufficient data accumulated to 
show that the solar magnetic field is not unlike that of the earth, save for its 
radial limitation. In 1915 an attempt was also made by Hale and Babcock? 
to determine the electric fields by measurements of the Stark effect but they 
could not detect fields smaller than 100 volts per centimeter and were only 
able to set an upper limit to the suspected electric field. Investigators have 
generally stated that the electrical fields in the emitting layers of the sun were 
negligibly small due to the high electrical conductivity and important effects 
arising from such electric fields were therefore absent. In the following dis- 
cussion we shall endeavor to indicate the importance of the electric field and 
give numerical values for the electrical constants of the sun, insofar as they 
apply to obvious solar problems. 


SEPARATION OF CHARGE INSIDE THE SUN 


In an important paper A. Pannekoek’ noted that in any highly ionized 
gaseous region acted on by gravitational forces and in thermal equilibrium, 
the lighter ions diffused upward until their separation produced an electric 
field which opposed further separation. It is readily shown that the volume 
charge p, expressed in e.m.u., resulting from the separation, is given by 


Po = ydu/c*e (1) 
where y is the gravitational constant, d is the density of the ionized matter, 


! Hale, Astrophys. Jour. 38, 31(1913); Hale, Seares, Van Maanen and Ellerman, Astrophys. 
Jour. 47, 1 (1918). 

2 Hale and Babcock, Proc. Nat. Acad. 1, 123 (1915). 

3 A. Pannekoek, Bull. Astro. Inst. Netherlands 419 (1922). 
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u the mean mass of the molecules, c the velocity of light, and e the electronic 
charge expressed in e.m.u. Using data appropriate to the sun and Eq. (1) we 
find that the total positive volume charge inside the sun amounts to 33 e.m.u. 
or 330 coulombs. In another place we shall show that a negative charge of 
equal magnitude probably resides on the solar surface. 

When the temperature is non-uniform the more mobile ions in a conductor 
diffuse toward cooler regions and in the equilibrium state, an electrical field 
is set up which prevents further diffusion. The space charge p; existing when 
equilibrium has been attained is given (in the one dimensional case) by 

k @T 


Renate er 7 (2) 
8rc*e dr? 





where k is the Boltzmann constant, 7 the space coordinate and T the absolute 
temperature. Application to the interior of the sun at the present time will 
not be attempted for little is known about the internal solar temperature. If 
we follow the star models considered by Eddington* the temperatures are so 
related to gravitational forces that the space charge due to non-uniform tem- 
peratures will be of the same order of magnitude as the space charge due to 
gravitational forces. If, on the other hand, we should adopt Milne’s® star 
model which suggests central temperatures of the order of 10'! degrees, it is 
evident that the interior space charge is likely to be large. 


ANNIHILATION OF ELECTRICITY 


Attempts to account for the earth’s atmospheric electric current have led 
several writers to assume that electricity is annihilated at some definite but 
slow rate. Simpson® suggested that electricity might be generated spontane- 
ously while Swann’ assumed that positive electricity died constantly inside 
the earth but neither writer suggested where the required energy for the 
transformation might originate. Anderson® supplied the theoretical deficiency 
and assumed that the loss of the protonic mass supplied the necessary energy 
to annihilate the protonic charge. Thus he postulated a subatomic transfor- 
mation in which the mass of one proton vanished for each protonic charge 
annihilated. Evidently if the energy corresponding to a given transformation 
is known then the lost mass and electrical charge can be immediately calcu- 
lated. Anderson’s calculations indicated that the sun was throwing off nega- 
tive electricity at a rate of 4X10'® e.m.u. per second. This tremendous nega- 
tive charge was assumed to dissipate itself through all space and finally be 
lost. In many respects Anderson’s hypothesis is interesting in spite of the 
objections which will occur to the atomic physicist. We proceed to show, 
however, that in stars the annihilation of electricity is not probable unless the 
released ions leave our universe in a highlyspecialized and improbable manner. 


* Eddington, Internal Constitution of the Stars (1926). 
5 E. A. Milne, Monthly Notices 91, 4 (1930). 

* C. G. Simpson, Monthly Weather Rev. 44, 121 (1916). 
7 Swann, Jour. Franklin Inst. 201, 143 (1926). 
® W. Anderson, Zeits. f. Physik 42, 475 (1927). 
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The system of stars embraced by the Milky Way stretches far out into 
space and forms our galactic system. The motions of the stars in this system, 
their masses, radiation, numbers and distribution are known and if electrical 
charges are constantly given off by each member of the galactic system, 
observable magnetic effects should be measured on the earth. We will assume 
that when ions are thrown off by a star the ion preserves its angular momen- 
tum about the gravitational center of the galaxy as it finds its way to outer 
space. Thus the systematic motion of the stars about the center of the galactic 
system is shared by the electricity which has been thrown off by them. 

The systematic motion constitutes an electrical convention current and 
will produce a magnetic field. In the present connection we need only the 
order of magnitude of the effect and a rough calculation which directs atten- 
tion to the physics of the problem will readily serve. Let us suppose that the 
entire negative charge in the space outside the stars but inside the galaxy, is 
compressed into a ring of radius equal to the mean radius of the system. Then 
the magnetic field H at the center of the system is 


H = 2xQw (3) 


where Q is the total free charge and w is the mean angular velocity about the 
center of the system. The earth is not at the center of the system but it is 
difficult to see how its position and motion could change the value of the 
magnetic field at the earth by more than an order of magnitude. 

The angular motion of our galaxy is known from astronomical data and 
Q is determined by calculating from the total radiation of the galactic system, 
the rate of release of negative electricity. We must note further that the time 
the released electricity remains in the system proper must be at least as great 
as the time it would take light to traverse the path. Thus 


Q 2 Ir/c (4) 


where J is the total current thrown off by all stars of the galaxy as calculated 
by Anderson’s hypothesis, r is the mean radius of the galactic system and ¢ 
the velocity of light. The mean star of the galaxy has a mass 1.6 that of the 
sun and there are roughly 10" of them,® so that we may assume that the total 
current J of the system is 10'° that of the sun or 10% e.m.u.'® Taking r = 10° 
parsecs, w = 10- rad/sec and combining Eq. (4) with Eq. (3) we find that the 
magnetic field at the center of the galaxy is of the order of 10” gauss. 

Such a large magnetic field seems absurd and we conclude that observa- 
tion demands either that the charges which leave a star, leave in a very 
special manner, or else that annihilation of positive charge in stars does not 
occur. The evidence is such that we believe Anderson’s and other similar 
hypotheses must be abandoned. 


NET SOLAR CHARGE 


An upper limit may be set for the net charge which the sun may carry if 
we are willing to assume that the sun is a star typical of the average star of 


® Russell, Dugan and Stewart, Astronomy (1927). 
1° R. Gunn, Phys. Rev. 32, 133 (1928). 
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our galaxy. Magneticians have been collecting precise data on the variations 
of terrestrial magnetism for a great many years but there is no evidence of 
which we are aware that suggests that there may be an extra-terrestrial 
magnetic field which would be observed to have a period of a siderial day. 
Certainly such a field would have been found if it was as great as 10-* gauss 
and probably a field much smaller would be noticed. We may then assume 
that if a galactic magnetic field exists its value // is probably less than 107% 
gauss. 

If the stars of our galaxy (of which the sun is typical) carry free electrical 
charges, then certainly their ordered motion in our galaxy will give rise to a 
magnetic field. In Eq. (3) we substitute for Q the product of the total number 
of stars n, by gq the mean charge on each, and write the inequality 


q < H/2rwn. (5) 


Substituting the appropriate numerical values in Eq. (5) we find that the 
mean charge on each star of our galaxy cannot be greater than 0.1 e.m.u. or 
one coulomb. In the present case there is no question regarding the motion 
of the charges for they are attached to the stars. When we reflect that the 
total surface charge of the earth is of the order 10° coulombs we see that stars 
are neutral to a high degree of approximation. We note in passing that meas- 
urements show the earth is probably neutral as a whole. These considerations 
lead us to assume that the sun as a whole is electrically neutral. 


SOLAR ATMOSPHERIC ELECTRICITY 


The highly ionized regions of the solar surface which can be observed are 
known to be regions of low pressure and the ion free paths are therefore very 
long. An early paper'' showed that when ions execute long free paths in 
crossed electric and magnetic fields, ions of both kinds were swept in a direc- 
tion perpendicular to both the electric and magnetic fields with a velocity 
which depended only on the relative magnitude of the crossed fields. This 
effect is of the nature of a mass motion and is of great importance because it 
connects directly the easily observable mechanical motions of an ionized re- 
gion with the magnitudes of the impressed electric and magnetic fields. In a 
series of papers'! the above electromechanical effect was shown to account 
quantitatively for the observed anomalous solar rotation, if the sun possessed 
an atmospheric electric field which was strikingly similar to the field observed 
on the earth. 

The superposed drift velocity u of an ionized atmosphere is given by 


EXxsB 
u = 
B2[1 + (R/d)?] 


where E and B are the electric and magnetic fields respectively, R the radius 
of the spiral generated by an ion as it is constrained to move about the im- 
pressed magnetic fields and J is the mean free path. We calculate R from 


(6) 





4 R. Gunn, Phys. Rev. 35, 635 (1930) ; 36, 1251 (1930); 37, 283 (1931). 
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my! (2mkT)*!? 
R = — = ——— (7) 

Be Be 
where m is the mass of the ion, v' the component of its velocity perpendicular 
to the magnetic field B, and e the ionic charge in e.m.u. In the atmospheric 
levels of the sun which we can see, A is large compared to R and if we agree 
for simplicity to consider only the motions at the solar equator, Eq. (6) takes 
the simpler scalar form. 


E= Bu (8) 


where E£ is now the radially inward electric field, B the northward magnetic 
field and u the eastward atmospheric ion drift measured with reference to the 
surface of the sun proper. The eastward superposed drift u is readily deter- 
mined from 


u = Uy — awsing (9) 


where wo is the measured velocity of the observed point whose colatitude is 
¢, a is the solar radius and w is the angular velocity calculated from the rota- 
tion of the sun’s magnetic pole. The magnetic field B can be measured di- 
rectly by the Zeeman effect, so that E can always be calculated for all ob- 
served levels. The drift velocity « is known to change with altitude, solar 
activity and to be subject to large local fluctuations. As we have seen else- 
where" the fluctuations are probably due to variations in E rather than B. 

In a typical region of the reversing layer the magnetic field is observed to 
be 25 gauss and the difference of velocity of the surface proper and that 
actually measured or u is 5X 10'cm/sec. By aid of Eq. (8) we find the electric 
field in this region is 0.013 volts/cm. Similarly where the magnetic field is 55 
gauss the electric field is 0.027 volts/cm. Now the difference in altitude be- 
tween these two points is roughly 8X 10° cm, according to Mt. Wilson data, 
and we can estimate the volume charge by a one dimensional Poisson’s equa- 
tion. Thus 


u dB 10) 
caer — ( 
4c? dr 





where p, is the atmospheric volume charge in e.m.u. and the other quantities 
are those defined before. From Eq. (10) and the foregoing observational data 
we find that over a small interval the space charge in the solar reversing layer 
is +1.66X 10-* e.m.u./cm* or on the average there is one singly charged free 
positive ion per liter. 

The space charge increases rapidly as we go deeper and deeper into the sun 
and if the magnetic field and drift velocity were known at all levels the sur- 
face charge and total atmospheric charge could be determined. The solar 
astronomical data giving the intensity of the magnetic field as a function of 
the altitude are not very reliable on account of the difficulties of measurement 
and there is even sharp disagreement as to the scale of altitudes in the revers- 
ing layer. In an earlier paper'' a semi-empirical relation was employed to 














988 ROSS GUNN 


represent the magnetic field as a function of altitude and the constants so 
chosen as to fit observation over a limited range. Precise analysis requires 
appeal to direct observational data for it is unlikely that the radial distribu- 
tion of the magnetic field is as simple as our assumed formula indicates. We 
will assume that the magnetic field at any level in the solar atmosphere is 
given!! approximately by 


sHg(r — | (11) 


B= Byexp| — OE 


where By is the magnetic field of the sun at the “surface proper,” z the mean 
atomic weight of the atmospheric ions, g the acceleration due to gravity, 1 
the mass of the hydrogen atom and (r—a) the altitude above the sun. Rela- 
tion (10) becomes by aid of Eq. (11) 


uzH gB 
 SectkT 





Pa (12) 
so that the total atmospheric volume charge in a prism 1 cm? in cross-section 
is given by 


f padr = uBo/4nc? (13) 


and since on the whole the sun is neutral and there is no external electric 
field it follows that the surface charge on the sun proper is equal and opposite 
to the positive space charge. Following earlier work" we use 12,000 gauss for 
By and calculate the total positive charge in a prism 1 cm? extending from the 
sun outward and get +5.3X10-" e.m.u. The surface charge is equal and op- 
posite. The total negative surface charge of the sun is therefore 3X 10° e.m.u. 

We can use Eq. (11) to determine the potential difference between the 
surface proper and free space if we combine it with Eq. (8) and integrate." 
Let ¢, be the potential difference, then 


— $1 -{ Edr = uf Bdr (14) 


which by aid of Eq. (10) becomes 


4 2uB,kT (15) 
zHg 

where B, corresponds to a level where the atmospheric electrical conductivity 
begins to drop off rapidly due to the solar magnetic field" :” and it amounts to 
about 280 gauss." Substitution of the approximate values in Eq. (15) shows 
that the sun proper is negative with respect to free space by 1.5 X 10° volts. 
The foregoing values, calculated by aid of semi-empirical formula cannot be 
expected to be precise for we have made the assumption that the equatorial 


2 R. Gunn, Phys. Rev. 33, 614 (1929); 34, 1621 (1929). 
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drift velocity was the same constant at all altitudes. In the region of the 
reversing layer where the constants were made to fit the known points the 
equations are more reliable. 


MAINTENANCE OF THE SOLAR ELECTRIC FIELD 


The electrical conductivity of the solar atmosphere is high even in the 
reversing layer where the magnetic field greatly reduces the mobility of the 
ions.'® It is readily shown that the solar atmosphere would discharge itself 
in 10~'® seconds if no mechanism was provided to maintain the current. We 
are therefore faced with precisely the same problem that has puzzled physi- 
cists for years in connection with the earth’s electric charge. As in the case 
of the earth we may now assert that the sun is neutral to a high degree of 
approximation and we may further maintain that electricity does not con- 
tinuously leave the sun. These restrictions narrow down the investigation to 
fairly definite problems and several have been examined keeping always in 
mind that the mechanism of replenishment should also be capable of modifica- 
tion to fit the earth. Even though the mechanism in the sun must be quite 
simple compared to that on the earth, no definite conclusion has been reached. 
The extreme variability of the electric field as indicated by the atmospheric 
motions suggest that local conditions may affect the field greatly somewhat 
in the manner that an electrical storm disturbs the earth’s local electrical 
state. Young” had the idea long ago that the solar atmosphere “rained” con- 
densed metallic particles and brought charges down with them. While the 
idea is tempting because of present ideas regarding the maintenance of the 
earth’s charge it has several weak points and cannot be made quantitative. 
It has been shown" that the electrical energy dissipated in the solar atmos- 
phere is an appreciable fraction of the total radiated energy and any mecha- 
nism which will account for the field must be a moderately efficient one. 


CONCLUSION 


Our study has shown that the rather artificial postulate of the annihila- 
tion of charge is inconsistent with observation and that to a high degree of 
approximation the sun is electrically neutral. Our calculations show that the 
separation of charge in the solar atmosphere is considerable and that the 
resulting distribution of electric field is remarkably similar to that observed 
on the earth. In a typical equatorial region of the reversing layer the electric 
field is radially inward and amounts to 0.015 volts/cm, a value far too small 
to be detected by measurements of the Stark effect. In the present paper the 
fields have been calculated from data derived from the observed solar at- 
mospheric motions. In a forthcoming paper the electric fields will be calcu- 
lated from certain spectroscopic data and the values obtained shown to be 
consistent with the present estimates. 


3 Young, The Sun. 
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SURFACE TENSION OF MERCURY 


By Marte KERNAGHAN, R.S.C.]J. 
DEPARTMENT OF Puysics, THE Saint Louts UNIVERSITY 


(Received March 9, 1931) 


ABSTRACT 


Consistent values for the surface tension of mercury in a high vacuum (air pres- 
sure less than 1.2 10-5 mm Hg throughout the period of experimentation), ranging 
from 438.4+0.3 dynes per cm at 12.5°C to 423.9+0.6 dynes per cm at 67°C, have 
been found by a modified flat-drop method. In evaluating them Worthington’'s 
equation 

(K—k)?p 1.641 L 
init caenaiiisimatnanlel: ie snapiiniateciiatallinnmmaiblails 


2 1.641 L+(K—k) 


was used. The temperature gradient, determined from the best mean straight line 
through the experimental points, is 0.3015 dyne per cm per degree. Hence the average 
value of k, in the E tv's relation, was found to be 1.82. Reproduction of concordant 
results at intervals during a period of four months affords ample evidence of the 
thorough outgassing of the apparatus and is attributed to the great care used in secur- 
ing relative perfection of details. 


INTRODUCTION 


ITHIN the last decade many publications (between one and two on an 
annual average) have been concerned with the surface tension of mer- 
cury!~*! and the greater number have dealt with its measurement in a vac- 
uum. Hogness® and later Bircumshaw?’ have given excellent summaries of 


1 L. L. Bircumshaw, Phil. Mag. 2, 341-350 (1926). 

2 L. L. Bircumshaw, Phil. Mag. 6, 510-525 (1928). 

+R. C. Brown, Phil. Mag. 6, 1044-1055 (1928). 

* R.S. Burdon and M. L. Oliphant, Trans. Faraday Soc. 23, 205-213 (1927). 
5S. G. Cook, Phys. Rev. 34, 513-520 (1929). 

6 W. D. Harkins and E. H. Grafton, J. Am. Chem. Soc. 42, 2534-2538 (1920). 
7 W. D. Harkins and W. W. Ewing, J. Am. Chem. Soc. 42, 2539-2547 (1920). 
§ J. Hartman, Phys. Rev. 20, 728-744 (1922). 

®* T. R. Hogness, J. Am. Chem. Soc. 43, II, 1621-1628 (1921). 

10 T, Iredale, Phil. Mag. 45, 1088-1100 (1923). 

1 T, Iredale, Phil. Mag. 48, 177-193 (1924). 

2 T. Iredale, Phil. Mag. 49, 603-627 (1925). 

3M. L. Oliphant, Phil. Mag. 6, 422-433 (1928). 

4 E. Perucca, Atti. Acc. Torino 57, 81 (1921). 

18 E, Perucca, Atti. Acc. Torino 57, 541 (1922). 

16 EF. Perucca, Phil. Mag. 7, 418-419 (1929). 

17M. J. Popesco, Comptes Rendus 172, 1474-1476 (1921). 

18M. J. Popesco, Comptes Rendus 175, 148-149 (1922). 

19M. J. Popesco, Ann. de Physique 3, 402-464 (1925). 

20 T, W. Richards and S. Boyer, J. Am. Chem. Soc. 43, I, 274-294 (1921). 

*t Sauerwald and Drath, Zeits. Anorg. Chem. 154, 79 (1926). 
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the work done in that line since 1898. Hence another summary just now is 
unnecessary. Suffice it to say that in spite of the great variety of methods 
painstakingly tried by eminent experimenters, the final results continue to 
be discordant even in single experiments, the values obtained ranging from 
“340 to 575 dynes per cm.”* The true value of the surface tension of mercury 
cannot be as erratic as the above quoted discordant values would make it. 
Since the modified flat-drop method, used in finding the surface tension of 
sodium in a vacuum,” gave perfectly consistent results, it was decided to try 
it out on mercury. Some of its marked advantages are: a high degree of ac- 
curacy, perfect control of temperature conditions, facility in the production 
of fresh and uncontaminated surfaces, possibility of maintaining a high vac- 
uum during a long interval of time, and independence of the contact angle. 


APPARATUS 


The apparatus (Fig. 1) though similar in general outline to that used in 
the experiment on sodium,” differed in several details. The chief difference 
lay in the shape and size of the surface tension chamber C (Fig. 1). It was 


to McLeod gauge 
and pumps 








FYI AH 
D 











Fig. 1. Diagram of apparatus. 


arranged in a horizontal position and though shorter it was wider and more 
roomy than the first. The plane circular glass window W (made to order by 
the Corning Glass Company) was fused into the end of the tube in preference 
to the side, in such a way as to render the entire disk optically available. The 
shallow cup D in which the flat drop of mercury was formed was ground with 
fine emery until all clip scars had disappeared. While similar in general ap- 
pearance to the cup used for sodium it was wider (average outer diameter 
6.04 cm) and deeper (maximum depth 1.2 cm). The difference existing be- 
tween the various diameters was not more than 0.02 cm. As in the case of 
sodium, the mercury was introduced into the cup by means of a thick-walled 
capillary tube F which served to prevent too rapid introduction and conse- 
quent surging back and forth of the liquid. The tube J necessary for outgas- 
sing purposes prevented an accumulation of pressure behind the cup. To 


2 F. E. Poindexter and M. Kernaghan, Phys. Rev. 33, 837-843 (1929). 
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procure a fine levelling adjustment at any time during the course of the ex- 
periment the cup chamber was tightly clamped and exteriorly cemented to a 
levelling stand S; and coiled tubes G one on either side of C were inserted into 
the apparatus. The presence of the flask JJ was merely an added precaution 
against contamination resulting from any possible overflow of mercury from 
the McLeod gauge. The entire piece of apparatus, including the McLeod 
gauge, was constructed of Pyrex glass, having only glass seals throughout. 

Redistilled mercury was well shaken with chromic acid solution and then 
thoroughly rinsed with distilled water. It was next distilled in a current of 
air, then ina vacuum. This whole process was gone through twice before ad- 
mitting it into the flask A. After sealing off E and thoroughly outgassing the 
apparatus the mercury was carefully distilled in a vacuum with a hand burn- 
er into the reservoir B from which it was distilled into the cup D as needed. 
The surface tension chamber was sufficiently roomy to allow the cup to be 
emptied and refilled without disturbing the apparatus. 

The heater of the sodium experiment,” adjusted to suit the modification 
of the cup chamber, was used, hence the temperature conditions were those 
of the former experiment and hence within one degree of correct values. A 
frosted glass window arranged in the back panel of the heater made it possible 
to illuminate the drop from without and thereby get a sharp focus along the 
meniscus. Once this arrangement was perfected there was no difficulty in 
determining the exact top of the drop. 

The combination of travelling microscope and dividing engine, used as a 
measuring device in the sodium experiment, was again employed. But instead 
of locating a number of points on the meniscus of the drop and then graphing 
the curve, it was decided to use a small carbon filament lamp for locating the 
top of the meniscus. It was mounted in a manner similar to that described by 
Richards and Boyer®® and used by Iredale,'*? Cook, and others. The small 
lighted lamp, attached to the telescope some distance behind it and on a level 
with it, was reflected from a spot on the maximum horizontal diameter as a 
tiny star which could be brought easily to a focus on the cross hairs. The 
vertical distance from the maximum horizontal diameter to the top of the 
drop (K—:& in Table I) could then be found by direct measurement. The 
diameter of the drop was measured directly by means of the dividing engine. 


DATA AND RESULTS 


A summary of the results obtained from readings taken at intervals dur- 
ing a period of more than four months is given in Table I. The temperatures 
below 41° (second column) were room temperature in degrees centigrade. 
The number of separate readings of K (the top of the drop) and of k (the lo- 
cation of the star), from which K—k was in each case determined, may be 
found in the third column. The values for the density quoted in column 4 
have been taken from the Smithsonian Physical Tables.%* For each set of 


23 Smithsonian Tables, Handbook of Chemistry and Physics, Thirteenth Edition, p. 746 
(1928). 
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TaBLeE I, Surface tension of mercury in a vacuum. 

















No. Temp. No. of Density Radius K-k Uncorrected Corrected Date 
C _isCiTrials p Lem cm o dynes o dynes 
tl #2 11 13.5646 2.87 0.2639 462.9+0.3 438.4+0.3 Nov. 26, 1930 
2 14.° 20 13.5610 2.87 0.2638 462.4+0.3 437.9+0.3 Nov. 28, 1930 
3 18.3° 15 13.5504 2.87 0.2635 461.0+0.3 436.6+0.3 Nov. 26, 1930 
4 20.° 9 13.5462 2.87 0.2634 460.5+0.3 436.1+0.3 Nov. 28, 1930 
> we 9 13.5438 2.87 0.2633 460.1+0.3 435.7+0.3 Nov. 29, 1930 
6 21.5° 15 13.5425 2.87 0.2633 460.0+0.3 435.7+0.3 Nov. 30, 1930 
, 2 15 13.5400 2.92 0.2632 459.6+0.2 435.7+0.2 Nov. 2, 1930 
8 23.1° 13 13.5389 2.87 0.2630 458.9+0.3 434.6+0.3 Nov. 30, 1930 
, ar ii 13.5377 2.87 0.2629 458.5+0.3 434.2+0.3 Nov. 27, 1930 
10 23.5° 10 13.5377 2.87 0.2630 458.8+0.6 434.5+0.6 Nov. 30, 1930 
11 24.° 10 13.5364 2.87 0.2628 458.1+0.3 433.8+0.3 Nov. 27, 1930 
2 23. 9 13.5337 2.91 0.2631 459.05+0.2 435.1+0.2 Oct. 12, 1930 
13 25.2° 9 13.5335 2.92 0.2631 459.03+0.2 435.1+0.2 Oct. 11, 1930 
14 25.8° 9 13.5320 2.91 0.2632 459.340.2 435.4+0.2 Oct. 11, 1930 
15 26° 8 13.5315 2.84 0.2630 458.6+0.3 434.3+0.3 Sept. 25, 1930 
16 28° 10 13.5266 2.84 0.2628 457.84+0.3 433.5+0.3 Sept. 25, 1930 
760 la” 11 13.5193 2.89 0.2624 456.140.3 432.2+0.3 July 31, 1930 
18 31° 12 13.5193 2.89 0.2624 456.14+0.3 432.2+0.3 Aug. 1, 1930 
o 3.3? © 13.5161 2.86 0.2624 456.0+0.3 431.9+0.3 July 29, 1930 
20 32.3° 24 13.5161 2.86 0.2624 456.0+0.3 431.9+0.3 July 29, 1930 
21 33° 9 13.5144 2.89 0.2624 455.95+0.3 432.1+0.3 July 30, 1930 
: ae Po 12 13.5136 2.85 0.2623 455.6+0.3 431.5+0.3 Aug. 5, 1930 
ao 10 13.5119 2.91 0.2622 455.2+0.3 431.5+0.3 July 27, 1930 
24 34.8° 10 13.5100 2.85 0.2622 455.1+0.2 431.0+0.2 Aug. 6, 1930 
Yn 10 13.5095 2.91 0.2621 454.8+0.2 431.1+0.2 July 26, 1930 
26 «35° 10 13.5095 2.91 0.2622 455.1+0.3 431.4+0.3 July 27, 1930 
230 33” 9 13.5095 2.85 0.2621 454.8+0.3 430.7+0.3 Aug. 4, 1930 
28 =41° 12 13.4949 2.91 0.2619 453.6+0.2 429.9+0.2 Aug. 1, 1930 
29 43° 8 13.4900 2.87 0.2618 453.1+0.3 429.0+0.3 Nov. 30, 1930 
30 44° 9 13.4875 2.87 0.2617 452.6+0.3 428.6+0.3 Nov. 30, 1930 
Sst 40 647.5” 7 13.4790 2.85 0.2616 452.0+0.3 428.1+0.3 Aug. 2, 1930 
32 48° 13 13.4778 2.92 0.2615 451.6+0.3 428.1+0.3 July 27, 1930 
33 48° 11 13.4778 2.92 0.2616 451.96+0.3 428.4+0.3 Aug. 1, 1930 
34 48° 9 13.4778 2.85 0.2615 451.64+0.3 427.7+0.3 Aug. 5, 1930 
35 49.5° 10 13.4741 2.85 0.2614 451.2+0.3 427.2+0.3 Aug. 6, 1930 
36 ©=654° 10 13.4632 2.85 0.2613 450.4+0.3 426.5+0.3 Aug. 2, 1930 
37 06 $7.S° 11 13.4547 2.85 0.2612 449.8+0.4 425.94+0.4 Aug. 6, 1930 
38 664° 9 13.4389 2.85 0.2609 448.2+0.5 424.5+0.5 Aug. 2, 1930 
39 =67° 10 13.4317 2.84 0.2608 447.7+0.6 423.9+0.6 Aug. 2, 1930 








readings two values for the surface tension are given. That under uncor- 
rected value (seventh column) was found by means of Quincke’s simple for- 
mula** 


o = 4h%p-980 (1) 


(where o and p are surface tension and density respectively; 980 cm per sec” 
is the value of the acceleration of gravity in Saint Louis.) The corrected 
values of o (eighth column) were determined according to Worthington’s 
equaton™ 


K — k)? 1) 
. = Sa + 20k - Jar, (2) 


% G. Quincke, Ann. d. Physik, 105, 1-48 (1858); 139, 1-89 (1870); 160, 337-374 (1877). 
% A. M. Worthington, Phil. Mag. 20, 51-66 (1885). 
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(where (K —k) =h=distance from vertex to maximum horizontal diameter; 
b = radius of curvature at the vertex and L = maximum horizontal radius). 

According to Worthington*® for values of L greater than 2 cm the term 
1/b is negligible. Therefore since in this experiment the minimum value of 
L was 2.84 cm it was at all times sufficiently large to justify the omission of 
1/b from the equation, which consequently reduces to the form 











(K — k)%p 1.6411 
o= -—_________—— X 980. (3) 
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Fig. 2. Surface tension of mercury as function of temperature. 


Hence to correct values computed from equation (1) we have only to 
multiply the result obtained by the correction factor 


K—-—k\" 
1+ ——_— 
1.641L 
Since there was scarcely any appreciable variation in the size of the drops 
used, the correction factor reduced to either 1/1.055 or 1/1.056. 
From the two surface-tension, temperature graphs (Figs. 2 and 3) it is 
evident that temperature variations gradually decrease as temperature in- 
creases. However, for values of 7 lower than 65°C the deviation of experi- 


mental points from a straight line is slight. Hence from the best mean 
straight line through the experimental points (Fig. 3) o at 0° and at 63° was 
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judged to be 442 and 423 dynes per cm, respectively. Hence the temperature 
gradient is 0.3015 dyne per cm per degree. 

Upon differentiating with respect to temperature, the Eétvés relation 
ov? =k(T.—T) we get, 


nn =) + 2 -1n( =) A (4) 
aT), 3. \aT/, 


(o, v, T represent surface tension, volume of a gram atom, temperature re- 
spectively. 7. and k are constants.) 

The Eétvés constant, k, was found at 20°C by substituting in Eq. (4) 
for (da/dT), and for o experimental values, and for v and (dv/dT), values 
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Fig. 3. Surface tension of mercury as function of temperature. 


calculated from data given in the Smithsonian Physical Tables, as quoted in 
the thirteenth edition of Handbook of Chemistry and Physics.** The value 
found is 1.82. 
DISCUSSION 

Every possible precaution was taken to procure absolute cleanliness. 
Boiling hot chromic acid solution was used to cleanse not only the entire 
glass apparatus (including the still used for distilling the mercury in a current 
of air), but also the beakers and the bottles into which the mercury was 
poured at any stage of experimentation. Several consecutive days were de- 
voted to a thorough outgassing of the apparatus. During periods of four or 
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five hours each, while the pump was running, the entire apparatus was kept 
at a high temperature by means of the heater and a hand burner. The thor- 
oughness of the process was proven by the fact that the McLeod gauge reg- 
istered stiction (a gas pressure less than 1.2X10-> mm Hg) except when 
filtered air was purposely admitted into the apparatus. Occasionally over 
night the pressure rose to 4.6X10-> mm Hg, but then the apparatus was 
again outgassed. No readings were recorded except when the McLeod gauge 
registered stiction. 

The main purpose of this experiment was to get consistent values for the 
surface tension of mercury in a vacuum hence no perfection of detail that 
might lead to a higher order of accuracy was overlooked. To eliminate vibra- 
tion of the mercury drop a special wall table was constructed. The difficulty 
experienced by Cook® in determining the exact position of K (the top of the 
drop) was obviated by keeping the drop enclosed in the heater, even when 
working at room temperature, and by illuminating it from without. As pre- 
viously mentioned, for all readings recorded the top showed as a sharp dark 
line. The small lamp used for determining the point of vertical tangency was 
set at the same level as the center of the objective of the travelling micro- 
scope, by means of a reading telescope. The utmost care was used to keep it in 
that exact position for it was noticed that the least deviation from it caused 
a considerable difference in the readings of K and k. The same is true of the 
level position of the travelling microscope and the dividing engine. 

A tenths thermometer, calibrated by comparison with a standard ther- 
mometer was throughout immersed in the heater to the same depth and at 
the same angle of inclination. Stem correction was, however, found to be 
negligible for temperatures lower than 70°C, i.e., for temperatures used in 
this experiment. 

No set of readings was recorded until all details were brought to relative 
perfection. On the other hand no set of readings was discarded after that 
point had been reached, except in cases of fluctuating temperature. 

On two different occasions a set of readings was taken in a vacuum (15 
and 16; 19 and 20, Table I) the dish was partially emptied by violent shaking, 
filtered air was admitted and the apparatus was allowed to stand for a while. 
When again pumped to stiction the change in surface tension was merely that 
to be expected from variation in temperature. 

Popesco!?:!§-19 Tredale® and Cook® have determined the surface tension 
of mercury in a vacuum by the flat-drop method. However, the experiments 
of the first two differed from this experiment in some important details—to 
mention only a few: the method of forming the drops was essentially differ- 
ent; both used wax seals. Iredale was himself conscious that “the experi- 
mental conditions would be very much improved if such adhesives could be 
done away with.” (reference 12, page 607) Both worked on drops too small 
(Popesco’s was about 3.6 cm in diameter; and Iredale’s ranged from 1.2 cm 
to 1.5 cm in diameter) to be considered perfectly flat. The values obtained by 
Iredale from eleven consecutive drops, at a temperature of 19.5°C, vary from 
430 to 472 dynes per cm. Cook’s flat-drop method is essentially the same as 
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the one used in this experiment. But he has quoted only one value found for 
the surface tension of mercury in a vacuum; and that value seems abnormally 
high even though in the author’s words “the measurements were very care- 
fully checked.” (reference 5, page 517). The apparatus of this experiment 
was as completely outgassed as his, but not once was a value any where near 
as high as his obtained. His readings of K and k were taken with a catheto- 
meter the vernier of which “reads directly to 0.02 mm and under the micro- 
scope can be estimated to 0.01 mm” (reference 5, page 516). The travelling 
microscope used in this experiment records to 0.002 mm. 

The dates given in the last column of Table I show how well conditions 
were reproduced. In turn the consistent values obtained seem to point to the 
fact that, more than a new theory, we need a high vacuum, uncontaminted 
surface and utmost care in manipulation. 

This work was suggested by and carried on under the guidance of Doctor 
F. E. Poindexter in the laboratories of Maryville, Corporate College of Saint 
Louis University. I wish to thank him for his generous cooperation. I wish 
to thank both him and Rev. Professor James I. Shannon for their many help- 
ful and encouraging suggestions. Thanks are also due to Brother A. Zeller 
for his kindness in rearranging the heater to fit the remodelled apparatus. 
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CORRECTED VALUES FOR THE COEFFICIENT OF RE- 
COMBINATION OF GASEOUS IONS 


By OVERTON LUHR AND Norris E, BRADBURY 
PuysicaAL LABORATORY, UNIVERSITY OF CALIFORNIA 


(Received March 9, 1931) 


ABSTRACT 


Previously published values of the coefficient of recombination are found to be 
twelve percent too high because of the distortion of the field between the plates of the 
ionization chamber. Corrected values which may be used for the purpose of calcula- 
tion are given as follows: Air, (1.23 +0.1) X10; Os, (1.32 +0.1) X10-*; N2 and A, 
(1.06 +0.1) X10-*; He, (0.28 +0.05) K10-*, 


ECENTLY one of the writers'? has published results of research on the 
recombination of ions produced by x-rays in a number of gases. It was 
found that the coefficient of recombination given by a = (1/t)(1/m—1/npo), the 
integrated form of the equation dn/dt= —an? is not a constant, but varies 
with the age of the ions. It was assumed that the high initial values of a and 
rapid drop at short time intervals (up to 0.05 to 0.1 seconds after the forma- 
tion of the ions) is due to non-random distribution, and that the later more 
gradual drop is due to the loading up of the ion with impurities and subse- 
quent selective recombination, producing abnormally low values of a at long 
time intervals up to one or two seconds. On the assumption that normal con- 
ditions were most closely approximated between the ages of 0.05 and 0.1 
seconds, so-called ‘‘absolute values’’ were set which would be useful for pur- 
poses of calculation. Hydrogen is the only gas which did not exhibit any 
change in the value of a with time. 

In all the results heretofore published it was assumed that the volume of 
ionization swept out by the electric field was the total geometrical volume 
contained between the plates of the ionization chamber. In planning for 
further work with the same apparatus, it has been found that, despite the 
guard ring surrounding the upper plate, there is an error of about twelve 
percent in this assumption. Owing to the proximity of the grounded walls 
of the chanber, the field is not uniform between the plates, the lines of force 
curving slightly towards the walls. (See Fig. 1.) The magnitude of the error 
was obtained by plotting the equipotential lines for a cross-section model of 
the chamber, making use of a telephone buzzer and probe points in a con- 
ducting solution. On drawing the lines of force, which are perpendicular to 
the equipotential lines, it was found that the volume swept out by the field 
was about twelve percent smaller than the assumed geometrical volume. In 
this connection it is interesting to note that under conditions where grounded 


10. Luhr, Phys. Rev. 35, 1394 (1930). 
2 QO. Luhr, Phys. Rev. 36, 24 (1930). 
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walls are within a few centimeters of the plates of the ionization chamber, 
the guard ring would have to be approximately equal in width to the distance 
between the plates to obtain a uniform field. 

In calculating the coefficient of recombination, , the number of ions of 
either sign per cm® is found by dividing the total number of ions swept to 
the upper plate by the volume. Hence the equation is of the form a=(V/2?) 
(1/N—1/No). As the volume was actually twelve percent smaller than that 
assumed in the previous results, all values of a should be reduced by a cor- 


Guard Ring Guard Ring 


J / 


Lower Flate 


AA fp hhh pp php pp pf f 





Fig. 1. Cross section ot the ionization chamber drawn to scale showing equipotential lines 
and lines of force when a potential is applied to the lower plate. ABCD is the geometrical vol- 
ume, while A BC’D’ shows the actual volume of ionization swept to the upper plate by the field. 


responding amount. This error is not as serious as it might seem offhand 
since the curves will retain their same form, which after all is the most im- 
portant result of the experiments as apparently there is no absolute value for 
the coefficient. The so-called ‘absolute values’’ which may be useful for pur- 
pose of calculation are now set as given in Table I. 


TABLE I. Corrected values of the coefficient of recombination. 








| 
1 
1] 











Gas Coefficient of Deneuiiieniion 
O- (1.32+0.1 )«10-* 
Ne (1.06+0.1 )x107* 
A (1.06+0.1 )x10-* 
H. (0.28 +0.05) x 107* 
Air (1.23+0.1 )x10-* 











1000 O. LUHR AND N. E. BRADBURY 


It must be understood that the possible error of plus or minus one-tenth 
indicated in these results is not an experimental error, but represents a por- 
tion of the curves between ages of 0.05 and 0.1 seconds. The experimental er- 
ror is probably not more than two or three percent for all of the gases except 
hydrogen. The writers take pleasure in expressing their gratitude to Profes- 
sor R. B. Brode whose critical suggestion led to the present revision of the 
values of a, and once more to Professor Leonard B. Loeb under whose able 
direction the whole research has been accomplished. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may 


be secured by addressing them to this department. 


Closing dates for this depart- 


ment are, for the first issue of the month, the twenty-eighth of the preceding month; 
for the second issue, the thirteenth of the month. The Board of Editors does not 
hold itself responsible for the opinions expressed by the correspondents. 


An Attempt to Measure the Energy of the Cosmic Elec- 
trons by Magnetic Deflection 


An attempt has been made to measure the 
energy of the cosmic electrons with an appa- 
ratus based on Bothe and Kolhérster’s! coin- 
cidence principle making use of Geiger-M iil- 
ler tube-counters. A description of the method 
has previously been given.? 


Pig. i. 





Pig. 2. 


























Fig. 1. 


The arrangement is schematically shown in 
Fig. 1. A and B represent two tube-counters, 
viewed end-on, which serve to define a beam 
of the particles, M is a closed-core “magnet” 
which furnishes the deflecting magnetic field 
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(produced directly in the iron), and C is a 
third counter which serves to analyse the 
beam which has passed through the magnet. 
An electrical vacuum tube system records on 
an impulse counter only triply coincident dis- 
charges of the three counters, events which 
are assumed to indicate the passage of an elec- 
tron through the apparatus. 

The principal experiment consisted in mak- 
ing counts of the triple coincidences for vari- 
ous displacements (d) of the analysing coun- 
ter with the magnet unmagnetized and with 
it successively magnetized to a magnetic in- 
duction of 17,000 in either direction. The re- 
sults are shown in the curve of Fig. 2. The 
values are believed to be reliable to about 8 
percent (the statistical error is about 4 per- 
cent) with the exception of the points at the 
central position and those at 4 cm north 
which were studied more carefully and should 
not be in error by more than about 4 percent. 
The shape of the curve is about what is ex- 
pected from the geometry of the arrangement, 
assuming rectilinear passage of the ionizing 
particle, and the count at the 10 cm displace- 
ment represents that due to chance coinci- 
dences. It is seen that within the present lim- 
its of error no deflection exists. This result 
is of interest because if the assumptions on 
which the operation of this apparatus is 
based are correct the energy of the particles 
is very high. On making what appears to be 
the correct assumption that the force on an 
electron in the iron is given by (e/c)[vXB] 


1W. Bothe and W. Kolhdérster, Zeits. f. 
Physik 56, 751 (1929). 

? Phys. Rev. 35, 1125 (1930). Experiments 
with the present method have been independ- 
ently made by Rossi, Rend. Acc. dei Lincei 2, 
478 (1930). 
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where B is the magnetic induction, a deflec- 
tion of 2.2 cm measured at the analyser is ex- 
pected for electrons of energy 10° e-volts. It is 
seen from the curve that an easily observable 
change in count should be produced by sucha 
deflection, particularly at the most favorable 
displacement of about 4 cm. Accordingly, 
with the reservation mentioned above, it ap- 
pears that the energy of the majority of the 
cosmic electrons is greater than about 2 10° 
e-volts. The possibility that these particles 
may be protons or heavier nuclei should also 
be considered. This seems unlikely on various 
grounds, but even if the particles were pro- 
tons we can conclude that the energy must 
be greater than about 10° e-volts. 


LETTERS TO 





THE EDITOR 


ficient for the cosmic radiation, that a consid- 
erable fraction of the electrons should have 
energies ranging from zero to a few hundred 
million e-volts (about 30 percent between zero 
and 2X10* e-volts). Were this the case, an 
effect of the magnetic field should have been 
observed. Consequently, if we wish to inter- 
pret this experiment to mean that the energy 
of the bulk of the electrons is as great as in- 
dicated above it is necessary to find a method 
of absorption for very penetrating electrons 
which gives considerably greater absorption 
than that expected on the ordinary theory. A 
possibility in this direction which should be 
investigated is a consideration of nuclear ef- 
fects which are negligible when treating the 
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There is, however, a difficulty with the as- 
sumption of electrons of such high energies, 
which comes from a consideration of the proc- 
ess by which they are absorbed. From the 
usual theory of multiple scattering it is found 
that the path of such a particle should be 
nearly rectilinear until it has lost a large frac- 
tion of its energy, so that absorption must be 
principally due to a gradual loss of energy 
by the production of ions along the path. Ac- 
cordingly, since the cosmic radiation (assumed 
electronic) is known to follow an exponential 
absorption law, we should expect to find at 
any point electrons with a definite distribu- 
tion of velocities ranging from zero to some 
maximum. In fact, if the Thomson absorp- 
tion law is still valid for these high energies, it 
is found, by using the known absorption coef- 


g. 


2. 


absorption of electrons of low energy but 
which might be expected to become important 
when dealing with electrons of such large pene- 
trating power. 

It should be mentioned that absorption 
measurements have been made with this ap- 
paratus by taking counts with the magnet 
in position and with it withdrawn from the 
beam. In agreement with the result of Bothe 
and Kolhérster, the observed absorption is 
nearly the same as the value calculated for 
these conditions from the absorption coeffi- 
cients obtained by the electroscope measure- 
ments. 

It is also necessary to be sure that the coin- 
cidences are actually produced by a corpus- 
cular radiation and not by a y-type radiation. 
This question has been investigated by Bothe 




















and Kolhérster' both experimentally and the- 
oretically, with the result that they do not 
find it possible to ascribe the coincidence ef- 
fects to a y-type radiation unless some new 
phenomenon is postulated. In view of our 
present result it would seem desirable to re- 
examine this question. On the experimental 
side a possibility in this direction would be to 
look for a definite correlation between coin- 
cidences in tube-counter and tracks in a suit- 
ably disposed cloud expansion apparatus. 
Such an experiment appears feasible and is in 
progress. 

In view of the foregoing considerations and 
also on account of certain difficulties’ with 
the assumption of a corpuscular nature for 
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the cosmic radiation, it would seem that a 
definite conclusion with regard to the signifi- 
cance of the present experiment must await 
further study. 

A part of this work was done at the Cali- 
fornia Institute through the kindness of the 
members of the administration of that institu- 
tion. 

L. M. Morrt-SmitH 

Department of Physics, 

The Rice Institute, 
Houston, Texas, 
March 25, 1931. 


3 See R. A. Millikan and G. H. Cameron, 
Phys. Rev. 37, 235 (1931) 


Transmission of Gases from 20 to 33 


In a letter to this section Dickinson and 
West! reported a Raman shift for liquid sulfur 
dioxide of 524.3 cm™. Bailey, Cassie and An- 


been determined in the spectral region 20-33, 
and the results are given in Table I. These 
values are for a layer of gas four inches thick 











TABLE I. 
Reststrahlen 
Gas Wave-length: 20.754 22 .9u 27 .3u 29 .4u 32.8u 
SO. 7 58 100 99 96 
NHs3 65 95 84 79 63 
H.S 96 98 93 89 82 
N.O 86 100 100 100 100 
C.He 100 97 
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gus? interpret this as a combination band. | 
have found the transmission of a four inch 
layer of this gas for the 20.754 quartz rest- 
strahlen to be only 7 percent. Such strong ab- 
sorption would seem more likely to be asso- 
ciated with a fundamental band. 

The transmissions of several gases have 


1 Roscoe G. Dickinson and S. Stewart West, 
Phys. Rev. 35, 1126 (1930). 
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at atmospheric pressure and are probably cor- 
rect to 2 percent. 
JouN STRONG 
National Research Fellow, 
California Institute of Technology, 
Pasadena, California, 
March 25, 1931. 


2C. R. Bailey, A. B. D. Cassie and W. R. 
Angus, Roy. Soc. Proc. A130, 133 (1930). 


A Preliminary Report of the Application of the Photoelectric Cell to the Reading of 
Minima in a Magneto-Optic Method of Analysis 


It has been found that chemical compounds 
in solution, when traversed by polarized light 
and subjected to particular types of transient 
magnetic fields, are characterized under cer- 
tain conditions by the scale readings of the 
minima of light intensity produced, by means 
of which a compound may be detected when 
present in a concentration as low as about 1 
part in 10" (Allison and Murphy, Journal 


the American Chemical Society 52, 3796 
(1930); Physical Review 36, 1097 (1930)). 
These results have been interpreted upon the 
hypothesis of differential time lags in the 
Faraday effect. Inasmuch as the results thus 
far reported were obtained by visual observa- 
tions only, the importance of devising some 
objective means of reading the minima has 
long been recognized. We have recently suc- 
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ceeded in building a photoelectric cell circuit 
which indicates the presence of the minima 
by the deflection of a galvanometer. The 
method of current amplification is similar to 
that described by DuBridge (Physical Review 
37, 392 (1931)), two FP-54 Pliotron tubes be- 
ing employed together with other tubes for 
additional amplification. We have as yet had 
opportunity to take observations with the 
photoelectric cell upon only a few of the com- 
pounds which have been studied visually, but 
those selected are representative and their 
metallic elements contain isotopes. We used 
concentrations ranging from about 1 part in 
10 to 1 part in 10°. Our results, which con- 
firm those based on visual observations, may 
be summarized as follows. 

(a) The photoelectric cell reads minima at 
the exact points of the scale at which they 
have been observed visually. 

(b) The photoelectric cell is able to detect 
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a compound when present in an amount as 
small as about 1 part in 10." 

(c) The photoelectric cell, in addition to 
detecting minima corresponding to the num- 
ber of isotopes of the metallic element of the 
compound, indicates by the galvanometer de- 
flections the relative abundance of the iso- 
topes. This indication, however, is a rough 
one and does not as yet yield quantitative es- 
timates of precision. 

(d) The photoelectric cell registers but 
very slight differences in the blackness of the 
minima with changes in concentrations over 
wide limits, a result in agreement with visual 
observations. 

Alabama Polytechnic Institute, 

Depart ment of Physics, 
March 21, 1931. 
FRED ALLISON 
J. H. CuristENSEN 
GEORGE V. WALDO 


A New Source of Active Nitrogen 


It has been possible for the first time to 
produce the afterglow of active nitrogen in an 
uncondensed discharge. The discharge was 
produced by a 25000 volt 1 KW Thordarssen 
transformer at pressures ranging from 0.1 mm 
to about 5 mm. Although a tremendous num- 
ber of discharges of the same type in the same 
gas have been observed by the writer during 
the past four years, this is the first time that 
the afterglow associated with active nitrogen 
has been obtained. The afterglow was as 
strong as those obtained with the usual sources 
of active nitrogen, namely, condensed dis- 
charges and electrodeless ring discharges. The 
spectrum of the glow was observed with a 
direct vision spectroscope and also photo- 
graphed and it consists of the usual sharp se- 
lection of the first positive bands of nitrogen 
as obtained in the ordinary afterglow. If 
there are any differences between this and 
other glows then more photographs may bring 
them out. The glow was obtained in two dif- 
ferent tubes, each time however only after 
about two weeks running of the tubes at al- 
most a no-discharge vacuum, i.e., at about 
0.001 mm pressure. While other factors may 
have an effect, the long running of the tube 
certainly indicates that the condition of the 
walls is an important factor in the production 
of the glow. 

A few very interesting points about the 


glow will be mentioned, which will help to 
emphasize the unusual nature of the phenom- 
enon. For example, the exciting discharge 
itself possesses a spectrum which could readily 
be taken for an afterglow spectrum. The 8 
bands of nitric oxide and the violet cyanogen 
bands, both of which are usually observed in 
nitrogen afterglows and but seldom in electric 
discharges, were both present in the exciting 
discharge. These, and the first positive bands 
of nitrogen comprised most of the radiation 
of the exciting discharge in the visible and the 
first positive bands also showed a structure 
similar to the one observed in active nitrogen. 
The second positive bands of nitrogen, which 
are strong in almost any type of nitrogen dis- 
charge and which are unusually strong in the 
condensed discharge, were almost completely 
missing from the exciting discharge in the 
present experiments. Just one remark will 
be made regarding the significance of the na- 
ture of the exciting discharge in these experi- 
ments. The writer has at various times as- 
signed the weak radiations of the aurora spec- 
trum to the first positive bands of nitrogen 
and has explained them as arising in processes 
similar to those that take place in active ni- 
trogen. This assignment always raised the 
embarrassing question in the writer’s mind 
as to the nature of an electric discharge in 
which the spectrum is so much like that of an 
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afterglow or a chemiluminescence phenome- 
non. This question has now been answered 
and one can say that as far as the first positive 
bands of nitrogen are concerned there is added 
spectroscopic evidence that the auroral dis- 
plays are electric discharges at low pressures. 
That the discharge conditions in the upper 
atmosphere are unusual can be seen by the 
consideration that the upper atmosphere is 
really a discharge tube without walls. In 
view of some recent attempts to explain the 
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aurora the present experiments should merit 
some attention. In another communication 
more will be said about some experiments in 
which other spectroscopic features of the 
aurora are pointed out and studied. 

JosePpH KAPLAN 


Department of Physics, 
University of California at 
Los Angeles, California, 

March 24, 1931. 


The Zeeman Effect and Uncoupling Phenomena in Helium Bands 


Weizel' has calculated the energies due to 
the uncoupling of the electronic angular mo- 
mentum from the electric axis in light mole- 
cules. He predicts that such uncoupling 
should, if present, be greater for large values 
of the total quantum number, 2, for large 
values of the difference between the orbital 
angular momentum quantum number of the 
series electron, /, and its projection on the 
electric axis, \, and for large values of the ro- 
tational quantum number, K. For the helium 
molecule, rigid coupling of / to the molecular 
axis, so that A is a true quantum number, 
should correspond to Hund’s case }’. For 
large rotational energies the coupling should 
be destroyed and the molecule correspond to 
Hund’s case d’. Since this uncoupling is not 
expected to be abrupt, many levels should 
correspond to cases intermediate between b’ 
and d’. The energy of a case 6’ molecule in a 
magnetic field of strength H is well known to 
be 

_ pit MA? 

* K(K+1) 
where M is the magnetic quantum number 
and A=X for the present case. The corres- 
ponding relation for case d’ can be calculated 
in the same manner as for the above case. The 
relation is 
E= mH M|K(K+1)+L(L+1) —R(R+1)] 
= 2K(K+1) 
where R is the rotational quantum number, 
and K the quantized resultant of / and R. It 
is evident that the Zeeman effect should afford 
a means to determine the degree of conformity 
to the limiting cases and indicate the presence 
or absence of uncoupling phenomena. In- 
formation may be drawn from partially re- 
solved patterns by applying the intensity re- 
lations for the components of a spectral line 





given by Honl* and Kronig.2? Harvey‘ has 
pointed out that unusual widths of the helium 
band lines in a magnetic field can be inter- 
preted as indicative of uncoupling phenomena 
in certain states of this molecule. To check 
the above predictions quantitatively, an ex- 
tensive investigation of the Zeeman effect 
in the ortho-helium bands has been carried 
out. 

The spectrum has been photographed in the 
second and third orders of a 21-foot grating 
affording a dispersion of 1.31A per mm in the 
second order with field strengths up to 30,500 
gauss. Measurable Zeeman pattern have been 
obtained for at least six lines of the bands 
2p 1 —4sa3 TO, 2503S —Z pr, 2sc3DO 
—4prTl, 2px — 4d A, 2px — 3d6* 
A, 2pm _ 4dx°Tl, 2pr*Il © -_ 3dr, 
2prll —4do?S, and 2prill  —3do DV, 
In agreement with previous investigators, the 
first three above mentioned bands correspond 
rigorously to case 6’ predictions. Departure 
from case b’ appears in the band 2pr°II 
—4d5A at values of K greater than 9. 
Evidence of uncoupling in the band 2pz7°Il 
—4dzr‘Il is shown by departure from case 
b’ patterns for all values of K greater than 
2 and a gradual approach to case d’ predic- 
tions as K increases to 14. Similar evidence 
of uncoupling is found in the band 2px°Il — 
4do* > for values of K greater than one. The 
approach to case d’ patterns is more rapid in 
this band than in the others mentioned above. 
In the last two mentioned bands the rate of 
uncoupling is somewhat more rapid than for 


1W. Weizel, Zeits f. Physik 54, 321 (1929). 

2H. Honl, Zeits. f. Physik 31, 340 (1926). 

7 R. de L. Kronig, Zeits. f. Physik 31, 885 
(1926). 

* A. Harvey,Proc. Roy Soc. A126, 583(1930). 
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the bands of the same electronic transition 
but of total quantum number 3. 

It may, therefore, be stated that Zeeman 
patterns of the ortho-helium bands confirm 
the idea that the peculiarities of some of these 
bands, in particular those with large values 
of m and with / greater than X for the series 
electron, can be explained by a gradual un- 
coupling of / from the molecular axis with in- 
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creasing rotation. The Zeeman patterns offer 
a new means of following the progress of the 
uncoupling. 

A complete report of data and results will 
be presented at a later date. 

Joun S. MILLIs 
Lawrence College, 
Appleton, Wisconsin, 


March 18, 1931. 


The Alleged Production of Adsorbed Films on Tungsten by Active Nitrogen 


Pure molecular nitrogen has no effect on the 
thermionic emission from tungsten. The de- 
crease in emission that occurs if a discharge is 
passed through the nitrogen with voltages 
above about 20 has been attributed to the 
formation of a film of adsorbed nitrogen.'! 
Kenty and Turner found that the accommo- 
dation coefficient for heat conduction from 
the tungsten surface by nitrogen was increased 
about 20 percent by this treatment. 

More recent experiments in this laboratory 
have shown that the film produced on the 
tungsten by active nitrogen is an oxygen film. 
The active nitrogen, coming into contact with 
the walls of the tube and the surfaces of elec- 
trodes, decomposes adsorbed water vapor or 
metallic oxides which are almost always pres- 
ent and thus drives oxygen (probably atomic) 
into the gas phase, whence it reacts with the 
filament. With great care to avoid oxygen and 
with the bulb cooled in liquid air, active nitro- 
gen does not produce any adsorbed film which 


alters the electron emission or the accommo- 
dation coefficient, but instead it is able to re- 
move any oxygen film already present. 

A similar evolution of oxygen from well 
baked out glass surfaces occurs when neon 
metastable atoms strike the walls of a dis- 
charge tube. 

The detailed description of these experi- 
ments will soon be submitted to the Journal 
of the American Chemical Society for publica- 
tion. 

IRVING LANGMUIR 


Research Laboratory, 
General Electric Company, 
Schenectady, New York, 
March 24, 1931. 


1 1, Langmuir, Phys. Rev. 2, 460-72 (1913); 
Phys. Zeit. 15, 523 (1914); J. Amer. Chem. 
Soc. 38, 2279 (1916); C. Kenty and L. A. 
Turner, Phys. Rev. 32, 799-811 (1928). 


Partial Absorption of X-Rays 


Ray,' Majumdar,? and Bhargava and Mu- 
kerjie’ have found evidence that a quantum 
of x-rays may, in passing through matter, 
give only a part of its energy to a bound elec- 
tron and continue in its original direction with 
diminished frequency. These authors do not 
give detailed information regarding their ex- 
periments, but Ray reproduces spectrograms 
which clearly show the lines which he ascribes 
to partially absorbed x-rays. Ray estimates the 
intensity of these lines to be between 1/400 
and 1/500 of that of the parent line. 


1B. B. Ray, Nature 125, 746 and 856 
(1930); 126, 399 (1930); Zeits. f. Phys. 66, 
261 (1930). 

2 R. C. Majumdar, Nature 127, 92 (1931). 

3S. Bhargava and J. B. Mukerjie, Nature 
127, 273 and 305 (1931). 


Cork‘ and Lindsay® have tried to produce 
these modified lines, but with negative results. 
Cork claims to have been able to detect lines, 
if present, of 1/1000 to 1/3000 of the intensity 
of the parent line. Lindsay reproduces photo- 
metric curves of the K-spectrum of copper 
taken through a carbon absorbing screen 
which show definitely the presence of the Kas, 
satellite of copper, known to have about 1/400 
the intensity of the a; line, but no trace of a 
modified line. 

We have tried to find lines corresponding to 
the partial absorption of the Ka doublet of 
molybdenum by aluminum, but without suc- 
cess. We used the spectrometer and calcite 


4J. M. Cork, Comptes Rendus 192, 153 
(1931). 
5G. A. Lindsay, Nature 127, 305 (1931). 
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crystal recently described by us. The source 
of x-rays was a water-cooled Coolidge tube 
with molybdenum target, operated at about 
60 KV peak potential and 12-13 ma current. 
The first slit was about 16.8 cm from the crys- 
tal and 0.04 mm wide. The second slit was 4.5 
cm from the crystal and wide enough to per- 
mit the full beam from the first slit to fall on 
the crystal. The photographic platewas placed 
normal to the direct beam at such a distance 
from the crystal that the Ka, line of molyb- 
denum was in focus. The absorbing screen 
consisted of powdered “alumina” (obtained 
from the General Electric Co. of Schenectady) 
pressed between two sheets of “celophane” 
about 0.02 mm thick and was placed close to 
the second slit, between it and the tube. In 
some cases the screen was about 1 mm thick 
and in others about half that thickness. Dur- 
ing exposures the crystal was rotated back and 
forth through an angle of about 52.5’ around 
a position at which it should reflect the modi- 
fied lines due to absorption in aluminum. The 
rotation was produced by means of a cam 
designed to give the crystal approximately 
constant angular velocity between turning 
points. The mean position about which the 
crystal rotated was slightly different for dif- 
ferent plates. The exposures for the modified 


1007 


lines lasted for about 15 hr., and then short 
exposures were taken to record the central 
image and the Ka and K@ lines of molyb- 
denum on both sides of the latter. 

All the plates showed a band of continuous 
spectrum corresponding in position and width 
to the range of rotation of the crystal. The 
band on each plate had a structure which was 
probably due to irregularities in the cam since 
the structure remained fixed with respect to 
the band when the position of the latter on the 
plate was changed. No lines were found as 
definite as those appearing on Ray's photo- 
graphs. 

Since the bands of continuous spectrum 
were quite dark, the modified lines may have 
been obscured. We are planning to eliminate 
the continuous spectrum as much as possible 
by introducing a crystal between the first slit 
and the x-ray tube. 

D. CooKsEY 
C. D. CooKsey 
Sloane Physics Laboratory, 
Yale University, 
March 18, 1931. 


6 C, D. and D. Cooksey, Phys. Rev. 36, 85 
(1930). 


The Absorption Spectrum of Bromine 


In the absorption spectrum of bromine va- 
por at room temperature with columns of 
vapor long enough (two to four meters) to 
bring out the progressions of the visible band 
system arising from the fifth and sixth vibra- 
tional states of the normal level a number of 
new bands appear in the region 6400A to 
7500A. These can be classified into five rap- 
idly converging progressions of which three 
can be followed nearly to the point of con- 
vergence. Assigning v’’=1 to the lowest ob- 
served progression the G”’ differences agree 
well with those for the “main” system, and the 
point of convergence agrees with the assump- 
tion that these bands constitute a new system 
the upper level of which leads to dissociation 
into two atoms in the *P;,/2 state. This level 
may thus be a member of the case c*II multi- 
plet predicted by Mulliken.' The dispersion 
employed (first order of a 3 m. concave grat- 


1R. S. Mulliken, Phys. Rev. 36, 699, 1440 
(1930). 





ing giving 5.4A/mm) was not sufficient to 
determine the character of the bands, which 
should consist of Q branches only, if the new 
level is Mulliken’s 0,,~ level. 

The vibrational isotope effect has not been 
definitely located so that the v’ numbering, on 
which calculations of the constants given in 
the accompanying table are based, is arbi- 
trary. This table shows also the constants re- 
sulting from a re-examination of the main 
system in which the isotope effect has been 
observed for a number of bands in the v’’ =0, 
1, and 2 progressions. These measurements 
indicate that Kuhn's? v’ numbering should be 
increased by four. This is in addition to a 
further correction of +5 to be made for v’ 
greater than Kuhn's 11, which resulted from 
an incorrect assignment of bands.’ The AG:v 
curves for the upper level of the main system 
and of the extreme red system show points of 


2 H. Kuhn, Zeits. f. Physik 39, 77 (1926). 
3 R. T. Birge, 1.C.T. V, 411 (1929). 
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inflection‘ at about 65 percent of the dissocia- 
tion energy, and only observations at points 
lower than these have been used in making 
least squares calculations of the constants 
given in Table I. The ground level of the 


Electronic 


Level | Me cm! We 
A 0 323.86 
B 15,910.5 165.39 
“34 14,841.4 115.69 


molecule is denoted by A, the upper level of 
the main system by B, and of the extreme red 
system by C. 

From the measurements of Bodenstein® on 
the.dissociation equilibrium an estimate of the 
moment of inertia of bromine has been made 
by means of the Gibson-Heitler equation, the 
mean value of J’’ from observations at the ten 
highest temperatures being 445 X 10-*° C.G.S. 
and the average deviation from the mean 
5.6X10-*. With this value of J the equation 
gives AF° 298.1 =38,600 cal. for the reaction 
Br.(g)=2Br,. The heat of dissociation de- 
duced from the equilibrium measurements is 
in excellent agreement with the spectroscopi- 
cally determined value, 1.962 volts. 
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TABLE I. Molecular constants of bromine. 








Bands which may correspond to the extreme 
red system of bromine have been found in the 
infrared absorption spectrum of iodine (vapor 
pressure 1 atmosphere, in a 1 m tube at 
185°C) between 8000A and 9000A. These 


Dissociation 


WeXe D (volts) | products 
1.150 | 

1.579 0.464 *Piyt?Py 
3.395 0.144 


*Put*Py 


have not yet been analysed. An account of 
them will be given at a later time as well as 
detailed results for bromine. Further experi- 
ments with a view to determining the charac- 
ter of the new bromine bands and the isotope 
effect are being undertaken. 
WELDoN G. Brown 
Department of Chemistry, 
University of California, 
Berkeley, California. 


4 R. T. Birge, Trans. Faraday Soc. XXV, 
707 (1929). 

5 M. Bodenstein, Zeit. f, Elektrochemie 22, 
327 (1916). 
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BOOK REVIEWS 


Applications of Interferometry. W. Ewart WILLIAMs. Pp. viii+104, diagrams 43. E. P. 
Dutton and Company, New York. Price $.85. 

This is as complete a treatment of the subject as could reasonably be presented in a mono- 
graph. As the author says in his preface, it is not possible to include in such a book all the appli- 
cations which can be made of interferometry. Certainly the selection made is representative 
and interesting. 

Perhaps the most prominent feature of the work is the classification of interference phe- 
nomena into two groups: first, those in which a division of wave front is accomplished as in 
Young’s interference experiment, second, those in which there is a division of amplitude as in 
the Michelson interferometer. For a monograph devoted largely to technical applications it 
contains a considerable amount of theory, with simplifications which enable a technical man, not 
extensively trained in mathematical theory, to understand what is meant without too much ad- 
ditional reading. Particularly lucid are the description of Michelson’s apparatus for the meas- 
urements of stellar diameters and the chapter on multiple beams, in which the Fabry-Perot in- 
terferometer, the Lummer plate, and similar instruments are described. 

A good bibliography is given at the end of each chapter. It is unfortunate that the ab- 
breviations of the journal references are not more consistent. For instance, on page 45, Annales 
de Chimie et de Physique is abbreviated in three different ways. The book is free from technical 
errors, and the diagrams are good. It should make a very substantial addition to the reference 
material for teachers and students of optics, and persons engaged in other divisions of scientific 
work, 

GEORGE S. Monk 


Matter and Radiation, with particular reference to the detection and uses of the infrared 
rays. JOHN BucKINGHAM. Pp. 144, figs. 15. Oxford University Press, London, 1930. Price 
$3.00. 

This book summarizes in a semi-popular way, the many interesting discoveries concerning 
matter and radiation that have been made in the last century. In particular, the complete 
electromagnetic spectrum is discussed in connection with the recent theories of atomic structure. 
It is pointed out that the powerfully destructive rays one occasionally reads about in the news- 
papers are the result of imagination, or at least enormous exaggeration. While the text is usually 
accurate, there are a few blunders and inaccuracies. Occasionally, but not always, these are evi- 
dently introduced for simplicity or for effect. Thus the miracle of the shortest light path would 
lose some of its effectiveness if it were also pointed out that sometimes light chooses the longest 
path. One also finds the naive statement that x-rays readily pass through matter because their 
wave-lengths are smaller than the holes between the atoms. However, while it occasionally falls 
short of scientific accuracy, the book makes very interesting reading. 

JoseEPH VALASEK 


A Treatise on Light. R. A. Houstroun. Pp. 494, 6th Edition, Longmans, Green and Com- 
pany, New York, 1930. Price $4.00. 

The sixth edition of this much used text book is not greatly different from the preceding 
editions. There seem to be no changes in the first two “parts” of the book, viz.: (1) Geometrical 
Optics and (II) Physical Optics. In part III, Spectroscopy and Photometry, the most impor- 
tant changes are the addition of three paragraphs dealing with the elements of the Bohr theory 
of spectral series, resonance potentials, and band spectra. It seems unfortunate that the treat- 
ment of the Zeeman effect was not changed so as to introduce the idea of the Larmor precession. 
In part IV, mathematical theory, the principal changes are the introduction of Einstein's proof 
of Planck's Law of radiation and a restatement of the status of the relativity principle. In the 
“Notes” on recent advances is a notice of the Raman effect. Houstoun’s Light has the virtue of 
giving a little information about a great many subjects. That is also its weakness, along with 
the lack of any adequate number of references to sources of fuller information. 

T. TOWNSEND SMITH 
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PROCEEDINGS 
OF THE 


AMERICAN PHYSICAL SOCIETY 


MINUTES OF THE NEW YORK MEETING, FEBRUARY 26-28, 1931 
Joint MEETING WITH THE OPTICAL SOCIETY OF AMERICA 


The 169th regular meeting of the American Physical Society was held in 
New York City on Thursday, Friday and Saturday, February 26-28, 1931, 
as a joint meeting with the Optical Society of America. The presiding officers 
at the sessions of the Physical Society were Dr. W. F. G. Swann, President of 
the Society, Dr. Paul D. Foote, Vice-president and Professor R. C. Gibbs. 
All sessions were held at Columbia University. 

The joint session with the Optical Society of America was held on Friday 
afternoon at 2:30 o'clock in the McMillin Theater of Columbia University. 
This session was a Symposium on “Physical Problems Related to the Biolog- 
ical Effects of Radiant Energy.” The President of the Optical Society, Dr. L. 
A. Jones presided. The invited papers were as follows: ‘Some Physiological 
Effects of Light,” by Brian O’Brien, Institute of Optics, University of Roches- 
ter; “The Spectra and Anti-Rachitic Potency of Various ‘Therapeutic’ 
Lamps,” by Harvey B. Lemon, University of Chicago; and “Methods of 
Measuring Radiant Energy,” by Harold W. Webb, Columbia University. 
The attendance was between four and five hundred. 

The Optical Society held its sessions at the Museum of Science and In- 
dustry Thursday morning and afternoon, occupied with papers on “Color”. 
Their regular Friday morning and Saturday morning and afternoon sessions 
were held in the Physics Laboratory of Columbia University. 

On Friday evening the Society joined with the Optical Society for dinner 
at the Hotel Commodore after which they attended the Color Exhibition at 
the Museum of Science and Industry. This dinner was attended by 175 guests. 

Meeting of the Council. At its meeting on Thursday, Feburary 26, 1931, 
Professor Albert Einstein was unanimously elected to Honorary Membership 
in the Society. 

The Council accepted the cordial invitation of Union College and the 
General Electric Company to hold the summer meeting in Schenectady in 
September. It was decided that this meeting should be of an informal nature 
much like the one held last year in Ithaca. A one-half day session of this 
meeting is to be devoted to papers on Faraday and Henry commemorating 
their notable work in the field of electromagnetic induction. The Council 
furthermore accepted the invitations extended by Harvard University and 
the Massachusetts Institute of Technology to hold the meeting of the Society 
in February, 1932 in Cambridge. 
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The Treasurer reported the receipt on January 29, 1931 of a contribution 
of $1,425.42 to meet the deficit of the Physical Review as of December 31, 
1930 and moved that the thanks of the Council be expressed to the Chemical 
Foundation for this contribution. 

The Council elected four persons to fellowship, one hundred and nineteen 
persons were transferred from membership to fellowship and twenty-five were 
elected to membership. Elected to Fellowship: G. H. Dieke, Rudolf Laden- 
burg, Leo J. Peters and Max von Laue. 

Transferred from Membership to Fellowship: Fred Allison, Donald H. An- 
drews, Alice H. Armstrong, Edward J. Baldes, Russell S. Bartlett, J. W. 
Beams, J. A. Bearden, Ralph D. Bennett, F. Russell Bichowsky, Francis 
Bitter, Oswald Blackwood, Walker Bleakney, C. Boeckner, Joseph C. Boyce, 
Charles J. Brasefield, A. Keith Brewer, Ferdinand Brickwedde, James B. 
Brinsmade, W. G. Brombacher, Detlev W. Bronk, S. Leroy Brown, Andrew 
B. Bryan, Perry Byerly, Thoedore W. Case, Andrew Christy, George L. 
Clark, Kenneth S. Cole, J. R. Collins, Richard T. Cox, Donald Cooksey, 
William H. Crew, Leo H. Dawson, David M. Dennision, Elmer Dershem, 
Jane M. Dewey, Leo A. DuBridge, Jesse W. M. DuMond, Theodore Dun- 
ham Jr., James M. Eglin, Frederick E. Fowle, John G. Frayne, James B. 
Friauf, William F. Giauque, George Glockler, Frank Gray, Grover R. Green- 
slade, Ross Gunn, Otto Halpern, William R. Ham, Arthur C. Hardy, L. 
Grant Hector, Edward L. Hill, Maurice L. Huggins, Elmer Hutchisson, Syd- 
ney B. Ingram, Lewis V. Judson, J. C. Karcher, Sebastian Karrer, E. Lee 
Kinsey, Dewey D. Knowles, Lewis R. Koller, Frank C. Kracek, Victor Kk. La- 
Mer, R. M. Langer, Karl Lark-Horovitz, Charles C. Lauritsen, Victor F. 
Lenzen, H. H. Lester, Noel C. Little, Walter A. MacNair, Louis R. Maxwell, 
Helen A. Messenger, Louallen F. Miller, Allan C. G. Mitchell, Philip M. 
Morse, L. L. Nettleton, J. Rud Nielsen, Wayne B. Nottingham, Christian 
Nusbaum, Paul S. Olmstead, A. R. Olpin, Lars Onsager, Dimitry E. Olshev- 
sky, John M. Ort, Frederic Palmer Jr., 1. I. Rabi, Hubert H. Race, N. Rashev- 
sky, Howard P. Robertson, Vladimir Rojansky, Duane Roller, Edward O. 
Salant, William Schriever, Nadiashda Galli-Shohat, Francis G. Slack, Wil- 
liam W. Sleator, Sinclair Smith, Ambrose H. Stang, F. W. Stevens, John B. 
Taylor, James D. Tear, Lewi Tonks, Alva Turner, M. A. Tuve, J. T. Tyko- 
ciner, D. S. Villars, G. R. Wait, Warren Weaver, Lars A. Welo, T. Russell 
Wilkins, Robert C. Williamson, Thomas A. Wilson, Enos E.Witmer, Jay W. 
Woodrow, Winthrop R. Wright, Oliver R. Wulf, Ralph W. G. Wyckoff, Otto 
J. Zobel and Vladimir Zworykin. 

Elected to Membership: B. C. Adkerson, R. H. Bacon, L. J. Buttolph, 
Jessie Y. Cann, Samuel L. Case, T. C. Chow, H. M. Evjen, Isidor Fankuchen, 
Louis W. Gardner, Maria Goeppert-Mayer, Harold W. Harkness, Francis E. 
Haworth, Nathan Howitt, Lorenz D. Huff, George B. Lamb, k. O. Lee, 
Charles F. Lucks, John C. Melcher, Harry B. Mulkey, Edward J. Murphy, 
H. V. Neher, Filmer S. C. Northrop, Robert W. Perry, William B. Plum and 
James G. Potter. 

The titles and abstracts of papers presented before the Optical Society 
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of America will be found the Proceedings of that Society, published in the 
Journal of the Optical Society. 

The regular scientific program of the American Physical Society consisted 
of 49 papers, numbers 5, 6, 8 and 35 were read by title. The abstracts of 
these papers are given in the following pages. An Author Index will be found 
at the end. 


W. L. SEVERINGHAUsS, Secretary 


ABSTRACTS 


1. Water vapor absorption spectrum in the near infrared. E. D. McA.ister, Division of 
Radiation and Organisms, Smithsonian Institution, and H. J. UNGER, University of Oregon.—The 
1.13, 1.38 and 1.454 water vapor bands have been obtained with a self recording spectrograph 
using an effective slit width of 6A. The fine structure of the 1.13 and 1.454 bands has been 
revealed for the first time and several lines have been added to the 1.384 band. Forty lines ap- 
pear in the 1.1y region and eighty-five in the 1.44 region. A comparison of these bands with simi- 
lar ones due to atmospheric absorption in the solar spectrum identifies several superimposed 
solar lines. Regularities in frequency and intensity are lacking, due to the fact that a 6A slit is 
much too coarse to reveal the true structure of these bands. 


2. Transmission of radiation through fog. S. HERBERT ANDERSON, Signal Corps Labora- 
tories.—A laboratory method for the production of fog was developed in which the processes of 
formation of natural fogs were closely simulated. Transmission of radiation through this labo- 
ratory-made fog was measured fora range of wave-lengths from 3000A to 26,000A. A wide range 
of fog densities was used corresponding to natural fogs in which the visibility varies from 5 
meters to 500 meters. A minimum transmission was found in the visible spectrum, the position 
of the minimum being a function of particle size. From Amin to \=26,000A the transmission 
increased, likewise from Amin to \=3000A. The transmissions obtained have been used to test 
King’s equation J = Jge~@+*4™), This equation if found not to hold for transmission of radiation 
through fog, contrary to the conclusion reached by Granath and Hulburt (Phys. Rev. 34, 140, 
1929). The discrepancy is probably due, (1) to the difference in particle size, (2) the width of 
the bands in the infra-red used by Granath and Hulburt, (3) to the absorption of water vapor, 
the effect of which was eliminated in this work but not in Granath and Hulburt's. 


3. The absorption spectrum of blood and its relation to rickets. R. C. Gipss, J.R.] oHNSON 
AND C, V. SHAPIRO, Cornell University —The ultraviolet absorption spectra of solutions, ob- 
tained by haemolyzing the red blood cells of healthy and rachitic rats, have been found to be 
identical. This result is contrary to that reported by Suhrmann and his co-workers, Phys. Zeits. 
30, 959 (1929), whose curves for the two sets of animals show a difference in intensity, which 
increases in the direction of shorter wave-lengths. Calculations based on Rayleigh’s law of light 
scattering indicate that this difference can be attributed to the presence of an excess of a dis- 
perse phase in the solution whose absorption is the more intense. Experimental verification of 
this hypothesis has been obtained by measuring the absorption of one of our solutions after it 
had been centrifuged to remove most of the suspended matter. The new curve so obtained is less 
intense than the original and the difference increases toward shorter wave-lengths, in close 
accordance with the Rayleigh law. This evidence points to a physical cause for the variation 
reported by Suhrmann and renders unnecessary his improbable assumption of a chemical 
change in the haemoglobin. The discrepancy between his results and ours may be accounted for 
by assuming either that there are two types of rickets, possibly brought on by different diets, 
or else that the variation reported by him, especially in view of its physical origin, is due to 
some cause, not necessarily associated with rickets. 


4. Energy distribution in the lunar ultraviolet spectrum. Brian O'BRIEN AND E. DICKER- 
MAN O'BRIEN, Institute Optics, University of Rochester, N. Y.—The energy distribution in the 
ultraviolet spectrum of sunlight reflected from the full moon has been measured from \4400A to 
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\3020A, by the method previously applied to direct sunlight. (Phys. Rev. 36, 381 (1930)). Uni- 
formity of slit illumination was secured by an astigmatic telephoto combination of quartz pro- 
vided with rectangular stops, the measured spectral energy distribution being an average across 
a lunar diameter. Transmission coefficients and ozone content of the earth’s atmosphere were 
obtained directly. The amount of ozone at night has been found to differ only slightly from the 
day values obtained on succeeding days in agreement with Chalonge and Gétz (Gerl. Beit. z. 
Geophys. 24, 20) (1929)). By comparison with direct sunlight the reflection coefficients for the 
moon's surface have been calculated throughout the above spectral region. No pronounced 
maxima or minima of reflecting power have been found within this range of wave-lengths. A 
test of some delicacy is thus provided, with negative results, for very small amounts of ozone 
(and hence oxygen) surrounding the moon. 


5. Raman spectra of some organic halides. CLaup Epwin CLEETON AND R. T. Durrorp, 
The University of Missouri—Raman spectra obtained by helium excitation from nineteen or- 
ganic compounds, several of which have not been studied previously, are reported and discussed. 
It has been found by one of the writers (C. E. C.) that in the cases of many simple organic 
halides the observed frequencies can be expressed as harmonics or combinations of four funda- 
mentals (five in the cyclic compounds), two of which are not found in the Raman spectra, and 
are lower than predicted by any theory available, and hence may prove to be illusory; but the 
scheme does serve to point out certain regularities in these spectra. The bearing of such theory 
as is available is discussed. 


6. Raman spectra and a slight asymmetry of the carbon and nitrogen atoms. R. T. Dur- 
FORD, The University of Missouri.—The interpretation of the Raman spectra of the simpler 
organic halides and other related compounds is discussed; it is shown that most of the observed 
frequencies can be associated with vibrations of pairs or groups of atoms as predicted by theory, 
except that, in order to explain the multiplicity of certain lines, it seems necessary to assume a 
slight dissymmetry—i.e., a lack of equality of the valance bonds—of the carbon atom. Similar 
but less extensive evidence seems to indicate that the three valences of nitrogen are also not 
quite equally strong. 


7. Vibrational quantum analysis of the ultraviolet SO, and CS, absorption bands. Wi-- 
LIAM W. WATSON AND ALLAN E, PARKER, Yale University—Analysis of spectrograms taken 
with a Hilger E-1 spectrograph shows that the SO, bands may be represented by the formula 

vy =30586+{ [381.1 (2,'+3)+6.22(2,’+ 3)?—0.223(v,'+ 3)3] — [1381 (x,'’+ 3) —20(o,'"+3)*]} 

+ { [436.7(o2’+ 3) +2.94(09’ + 3)2?—0.199(v’ + 3)3] — [1157 (02’’ +4) —12.5 (09’’+4)?]} 
Noteworthy points are: positive quadratic term of the upper state levels, agreement with two 
of the fundamental frequencies determined by Raman and infrared analysis, no evidence for 
the 606 cm deformation frequency, and the existence of various addition series as given by the 
double formula. Apparently a triplet electronic level is involved. High dispersion plates do not 
resolve the rotational fine structure. Most of the bands of the CS, system are given by 


vy =28880+215(v,'+ }) —802(m'’ + 4) +270(v2'+ 3) — 1466(0,’’+ 3) 
the anharmonic coefficients being nearly negligible. There is slight evidence for a deformation 
frequency of 208 cm™ in the ground state. Series of addition bands are found as for SOQ;. The 
Raman frequency 655 cm™ is the difference between the 1466 cm and 802 cm™ fundamental 
frequencies. 


8. Paschen-Back effect and hyperfine structure in the spectrum of bismuth III. J. B. 
GREEN, Ohio State University —A study of the spectrum of Bi in a field of 34000 gauss yields 
interesting data with respect to the hyperfine structure of BillI. In particular, the line 4561, 
classified by McLennan as *P;/32S,/3 gives 2.52 cm for the 2S separation, and 0.53 cm for the 
*P,,, separation. Several “forbidden” components appear on the plates. The line 3695, classi- 
fied as *P3/.2S;/2 seems to indicate that the *P3,, separation is much smaller. 


9. Hyperfine structure in Bi II and Bi III. R. A. Fisher anp S. Goupsmit, University of 
Michigan.—The hyperfine structure of several lines in Bi II and III has been determined. The 
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results form a partial confirmation of the classification given by McLennan, McLay and Craw- 
ford (Proc. Roy. Soc. A129, 579 (1930)). It is possible to derive the hyperfine splitting for a 
number of levels. Together with the data on Bi I they form useful material for theoretical 
investigation. Bismuth is at present the pnly element for which hyperfine structure depending 
upon other than a single s electron is known for several levels. 


10. Difficulties in the theory of hyperfine structure. S. Goupsmit, University of Michigan. 
Sum rules and formulae for the hyperfine separations of the levels are derived for complicated 
configurations. The observed hyperfine structure of neutral and ionized bismuth, shows large 
deviations from the theoretical expressions. The nature of the discrepancies suggests that the 
present theory of the interaction between a single electron and nuclear spin is incomplete. 


11. The theory of complex spectra II. E. U. Conpon Anp G. H. SHortTLeEY, Princeton 
University.—F ormulas for the relations between the energies of multiplets arising from the same 
electron configuration for all two-electron configurations up to f fand several cases of three-elec- 
tron configurations have been worked out following Slater’s method. A systematic comparison 
of the known data with this first-order perturbation theory shows only rough agreement in most 
cases although in a few there is excellent agreement. The theory predicts the observed alter- 
nation in the relative position of singlet and triplet through S, P, D, F, etc. in the pd and pf 
triads and the dd and df pentads. For the d*? configuration it was found that good fits are ob- 
tained except for the 'S which theory indicates is much higher than the 'S which spectroscopists 
assign to this configuration. The same is probably true for *S in d?*s. 


12. The determination of heats of dissociation from predissociation spectra. Louis A. 
TURNER, Princeton University —Two distinct types of predissociation spectra are known. In 
one the broadening of the lines begins suddenly at a definite wave-length, in the other it sets in 
gradually. Consideration of various possible relationships of potential energy curves suggests 
that the one or the other type occurs according to whether the curves for the two states con- 
cerned intersect below or above the energy of dissociation in the perturbing state, respectively. 
Accurate values of heats of dissociation can be obtained only from predissociation spectra of the 
first type. The others give merely upper limits. A predissociation of each kind is observed in 
the spectrum of NO, and the numerical relationships are in accord with the theory. 


13. The inverse-cube central force field in quantum mechanics. G. H. SHoRTLEY, Prince- 
ton University —The problem of the motion of a particle in an inverse-cube central force field 
is fully treated by quantum mechanics and the results compared with the classical theory. Tak- 
ing the effective radial potential energy as (/?/2u4—S)/r?, one gets good correspondences be- 
tween the quantum mechanical and classical solutions except for S between /(/+1) h?/8x?u and 
(1+ 4)*h?/8x%u, where one gets a peculiar absence of oscillations in the ¥-function near the 
origin and somewhat poor agreements in regard to the radial probability functions. This is 
interesting in view of the uncertainty as co which value to compare with the classical angular 
momentum. However, the correspondence in allowed energies is complete only if the value 
i(l+-1) is taken. Solutions are found corresponding to the six classical types of orbits, with no 
quantization whatever. The solutions involve Bessel functions of both real and imaginary 
order with both real and imaginary arguments. 


14. van der Waals’ forces of helium and the stability of a small energy helium molecule. 
HENRY MARGENAU. Yale University —Hopfield (Astrophys. J. LX XII, 133 (1930)) has recently 
postulated the existence of a He molecule of very low energy of binding. Theoretical evidence 
for the existence of such a molecule will here be given. The work consists of two parts. (1) A 
general method is outlined by which van der Waals’ forces can be calculated without the knowl- 
edge of wave functions. Main features are: The expression for the interaction energy of 2 
atoms in their lowest state is written in terms of the dispersion f-values, which are shown to be 
derivable with good approximation, by the aid of the “Summensatz” of Thomas and Kuhn, 
from the relative intensities of the resonance lines and the polarizability. The method is applica- 
ble to atoms (and molecules) more complex than He. Results for He: 


A:xE =11.58/R* X10 ergs, R> Re. 
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(2) From the potential energy curve given by this expression and A3E = + © for R< Ro, Ro being 
taken as 2.33 X 10-8cm, the vibrational states for the resulting molecule are computed. Results: 
Minimum of potential energy = — 10-" ergs; the molecule has but one vibrational state of ener- 
gy about 3.3 X10~* ergs =0.2 millivolts, which is in qualitative agreement with Hopfield’s pre- 
dictions 


15. Group theory and the electric circuit. NATHAN Howitt, Naval Research Laboratory 
Bellevue, D. C. (Introduced by Elias Klein).—The paper shows that electrical networks consist- 
ing of inductances, resistances, and capacitances form a group with the impedance function as 
an absolute invariant. That is, to a given impedance function there corresponds an infinite 
number of networks, any one of which can be obtained from any other by a special linear trans- 
formation of the instantaneous mesh currents and charges of the network. In this manner one 
may arrive at the complete infinite set of networks equivalent to a given network of any number 
of meshes. This is done by writing down the three fundamental quadratic forms of the network. 
Then a linear affine transformation of the instantaneous mesh currents and charges of the net- 
work results in the formation of new quadratic forms, the matrices of the coefficients of which 
represent a member of the group, i.e., an equivalent network. Instead of performing the substi- 
tutions, the three matrix multiplications C’AC are used, one for each quadratic form, where A 
represents the original matrix, C the transformation matrix, and C’ its conjugate. It may be 
possible to extend this theory to include continuous systems where the quadratic forms become 
integrals or infinite series and one deals with infinite matrices and infinite transformations. 


16. Magnetic lag at low flux densities. L. W. McKeenan, Yale University.—Energy 
losses in alternating magnetization are often compared by assuming that H and B vary sinu- 
soidally, B lagging by an angle e. At low flux densities ¢ is not fully accounted for by calculated 
eddy current and hysteresis terms if each branch of the hysteresis loop is assumed parabolic 
with least slope equal to that at the origin of the normal magnetization curve. The residue, én, 
is a true magnetic lag. No explanation for it has hitherto been offered. It is now pointed out 
that Barkhausen discontinuities involve a magnetic lag which may suffice to explain the exist- 
ence of ¢,. For example, 600 equal discontinuities per half cycle would suffice if «, =10~*. The 
necessary mean magnitude of these discontinuities is improbably great unless it is principally 
strained regions which are affected by weak applied fields. If Jordan, Zeits. f. techn. Physik 11, 
2-8 (1930), is right in supposing that e, is independent of Hmsx over the small range in which it 
can be measured with any precision, the average magnitude of the discontinuities would have 
to vary directly with Hy.x throughout this range. This is not inconsistent with the parabolic 
form of (smoothed) magnetization curves at low flux densities. 


17. Ferromagnetism of dilute solid solutions. Francis Birrer, Westinghouse Elec. & 
Mfg. Co., East Pittsburgh.—Since the atoms of the solvent are known to move about in the solute 
it is possible to consider annealed and aged solutions as systems in thermodynamic equilibrium. 
It is shown that the strains set up by the atoms of solvent in the solute do not produce long 
range forces. There are, then, no long range repulsive forces tending to produce a microscopic- 
ally uniform distribution. Under these circumstances the fluctuations in density of the solute 
will be at least as large as those in a perfect gas, and may become much larger (as large as those 
giving rise to opalescence, for instance). Local concentrations or rarifications of impurities 
may play an important part in determining magnetic properties through the inhomogeneities 
and strains they set up. For instance, in the iron-carbon diagram, the observed magnetic trans- 
formation of Austenite at 770°C would necessitate a drastic revision of ideas about ferromagne- 
tisms if it were granted that Austenite is a solid solution of carbon in y-iron. If, however, it is 
assumed that Austenite contains small inclusions of a-iron where there are local rarifications 
of carbon concentration, the difficulty disappears. Whether Austenite contains a-iron at 770°C 
should be determined by x-ray investigations. It is further suggested that the magnetic proper- 
ties of dilute solutions of ferromagnetic substances in other metals are largely determined by 
local concentrations of ferromagnetic atoms. 


18. Capillary rise in sands of uniform spherical grains. W. O. Smitu, Pau D. Foore, 
AND P. F. BusanG, Gulf Research Laboratory, Pittsburgh.—Uniform spheres packed in regular 
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array form a non-cylindrical cyclic capillary, characterized by a maximum and minimum capil- 
lary rise with intermediate positions of possible equilibrium. In practice spheres may be 
packed to a variety of porosities P thus requiring a mixture of regular and irregular piling ar- 
ranged in a very distorted pattern. However the meniscus is also distorted to conform in a 
general way with the distortions of the lattice. Accordingly positions of maximum and mini- 
mum rise may be expected. The meniscus for maximum rise tends to pass through the plane 
of centers of neighboring spheres. Slight deviations from this condition due to the rise at sphere 
contacts are shown to be of minor importance. Any piling may be treated statistically as a 
hexagonal array with a spacing 2r+d where d is computed to give the observed porosity. In 
such a system three types of cell occur with a definite frequency, and these cell types are as- 
sumed present in the meniscus with the same frequency distribution. Hence it is possible to 
evaluate pr/a=pghr/o where p=perimeter, r=grain radius, a=area of pore opening, g=ac- 
celation of gravity, o=surface tension, p=density and h=capillary rise. The final formula so 
derived reduces to 





pr pghr _ 2 
ag ~—0. 9590 
(1— P)8 


This agreed with experiments made with several sizes of grains, porosities, and liquids. The 
minimum rises were also determined but a satisfactory interpretation in terms of a model has 
not been effected. 


19. The variation of the thermal boundary layer of a miniature airfoil. Merrit Scort, 
Guggenheim Research Physicist, Cornell University —By mounting thin, narrow conducting strips 
parallel to the span of an airfoil, and flush with its surface, it is possible, experimentally, to 
measure a thermal dissipation coefficient, p., associated with a particular location on the lifting 
surface, as well as its variation with velocity and angle of attack, a. Such measurements have 
been accomplished with a velocity range of 12 to 24 m/sec and for angles of attack varying 
from —40° to +35°. It is found that p-, independent of position on the surface, is a linear 
function of the velocity at the strip. Curves, showing its variation with angle of attack, present 
definite maxima and minima, characteristics which bear no direct correspondence to the veloc- 
ity at the strip. It was to be expected that the variation of p-, at a given location, with angle 
of attack would be of the same character as its variation with position along the chord. This 
is experimentally verified. Theoretical considerations suggest converting this coefficient to 
boundary layer thickness, B, and interpreting this thickness as identical with the viscous bound- 
ary layer. The measurements have been extended over the wide range of angle of attack so 
that the relation of these quantities to the useful range of the airfoil might be studied. 


20. The variation of C, of oxygen and nitrogen with pressure at 26° and 60°C. E. J. 
WorKMAN, National Research Fellow, Bartol Research Foundation.—By the use of improved 
apparatus of the type previously described by the author (Phys. Rev. 36, 1083 (1930)) the 
ratio of Cp at a pressure pto C, for the same gas at a pressure of one atmosphere is determined. 
Oxygen and nitrogen gas have been studied at 20 and 60°C in the pressure range 10 to 130 Kg 
per cm*, Values of the ratio as measured may be inferred from smooth curves drawn through 
the points plotted from the data in the table below, where the pressure is given in Kg/cm?. 

















Oxygen, 26°C Oxygen, 60°C Nitrogen, 26°C Nitrogen, 60°C 
Pressure Ratio Pressure Ratio Pressure Ratio Pressure Ratio 
Kg/cm? Cp's Kg/cm? Cp’s Kg/cm? Cp’s Kg/cm? Cp’s 

1 1 1 1 1 1 1 1 

30 1.052° 30 1.0355 30 1.0448 30 1.0324 

60 1.106° 60 1.0768 60 1.090° 60 1.0665 

90 1.1635 90 1.1163 90 1.133? 90 1.0999 


130 1.241° 130 1.168° 130 1.186 130 1.139° 
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21. Some Physiological Effects of Light. 
University of Rochester. Invited paper 


Brian O'BRIEN, Institute of Applied Optics, 


22. The Spectra and Anti-Rachitic Potency of Various “Therapeutic” Lamps. Harvey 
B. Lemon, University of Chicago. Invited paper. 


23. Methods of Measuring Radiant Energy. Harotp W. WEBB, Columbia University 
Invited paper. 


24. X-ray measurements of the elastic deformation of metals. WILLIAM P. Jesse, The 
General Electric Company.—The metal wire to be tested lies along the axis of a precision x-ray 
camera. A series of photographs is taken with various loads on the wire. On the photograph 
only the lines are measured where the resolving power is a maximum, i.e., where the incident 
angle @ is almost 90°. As the load on the wire increases, these high order lines shift in the direc- 
tion indicating smaller grating spaces. This shift measures the contraction of the crystal lattice 
in a direction perpendicular to the direction of stress. For duralumin wire this contraction is in 
approximate agreement with the value calculated from the macroscopic Young’s modulus and 
Poisson's ratio for the material. Similar results have been obtained with steel piano wire. 


25. Anew x-ray tube based on the “transparent target”’ principle. Dimitry E.OLSHEVSKY. 
Yale University ——A new “transparent target” x-ray tube is described in which the portion of 
X-rays transmitted through the target is utilized. It is found that by using a properly designed, 
thick, double layer target in contradistinction to the thin single layer targets used by Owen and 
by Coolidge satisfactory heat dissipation may be secured at comparatively little sacrifice due 
to absorption. The new tube has a target made of a thick layer of low atomic number metal, 
backing a thin layer of high atomic number metal, in thermal contact with the former. A simpli- 
fied theory of heat dissipation from the cathode spot is developed and a table is given, showing 
merits of various target materials as functions of wave-length. Important advantages of the 
tube over the conventional Campbell-Swinton arrangement are: proximity of the cathode spot 
to the outer surface of the tube and the possibility of utilizing x-rays in the direction of the 
initial electron beam. As applied to crystallographic purposes, vertical beam models were built 
in which the first slit of the spectrograph is deiined by a hole drilled in the body of the tube im- 
mediately behind the target. This arrangement permits higher intensities at the second slit on 
account of a shorter slit distance from the cathode spot. Both slits are made integral with the 
tube, the whole arrangement possessing complete symmetry around the vertical axis. This 
vertical design, with the beam directed upwards, complete shielding of the tube proper and high 
tension leads concealed in a grounded table, contributes to the safety and comfort of work and 
is valuable for x-ray studies involving the liquid state. Special tubes based upon the new princi- 
ple may prove of value for medical purposes. 


26. New K series x-ray lines. WiLt1AM Duane, Harvard University.—K series x-rays 
have been examined by means of a Bragg spectrometer, the Moseley photographic method being 
employed. The incident ray and that reflected by the crystal to the photographic plate through 
distances of 4725 mm passed through long metal tubes, exhausted of air in order to reduce the 
absorption. The Kg doublet lines of molybdenum (A\ =0.00056A), examined by photometric 
curves, appear separated 0.88 mm. No third line lies in the immediate neighborhood of the 8 
doublet. Between the y line and the short wave-length limit of the series appears a marked 
blackening that represents several lines close together. They are not in the position of a line 
reported by Leide. The new lines may be due to 0 electrons falling into the K level, but a better 
explanation is, perhaps, that the lines are produced by falls into the K level of conductivity 
electrons which may from time to time lie in outer atomic energy levels. Several photographs 
produced by long exposures show a fainter single line, roughly halfway between the 6; and the 
y lines. It does not correspond to a known x-fay line of any chemical element reflected in the 
first or second order. 


27. Electron diffraction by a silver crystal. H. E. FarnswortH, Brown University.—A 
previous investigation of electron diffraction by a copper crystal, for normal incidence on a (100) 
face (Phys. Rev. 35, 1131 (1930)) revealed a series of weak beams requiring unit refractive 
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index, in addition to the more intense beams requiring refractive indexes greater than unity. 
These weak beams are in most cases so close in voltage to the main beams that they appear as 
components or satellites of them. A similar series of measurements for two silver crystals 
shows, in general, the same to be true for silver, although certain beams have more complex 
structures containing additional components. In many cases the different components are ex- 
traordinarily sharp and intense. These results for low-velocity electrons suggest a complex 
variation of the inner potential near the surface of the metal. 


28. Radiation from low speed electron bombardment of metals. F. L. MOHLER AND C- 
BoOECKNER, Bureau of Standards.—A small probe surface at a positive potential in a discharge 
may draw a current of many amperes per cm? with the potential gradient limited to a thin 
sheath over the surface. Under such conditions a continuous spectrum is emitted by metal 
surfaces in caesium, potassium, and helium discharges. With a copper probe at 7 volts in 
caesium vapor, the intensity J remains of the same magnitude between 6200A and 2400A with 
a minimum at 5800 and a maximum at 3800. Below 4 volts the spectrum has a high frequency 
limit in this range (3000A for copper at 2.15 volts). On the assumption that this is analogous 
to a continuous x-ray spectrum, observed limits indicate work functions of 1.95 for Cu, 2.1 
for Ag, 1.45 for W (all in caesium vapor). The absolute intensity (except for Ag) agrees within 
a factor of 2 with values computed from the theoretical equation for intensity of the continuous 
x-ray spectrum. Efficiency for Cu at 7 volts is estimated as 3X10’. Comparison with pub- 
lished data on photoelectric effect of radiation from electron bombardment of metals indicates 
that the magnitude of effects below 10 volts can be explained by this continuous spectrum. 


29. The distribution of electricity near the surface of contact of two conductors. A. T. 
WATERMAN, Yule University —Two dissimilar metals are postulated in contact along an infinite 
plane, and the equilibrium distribution of electricity is sought in a direction perpendicular to 
this plane on the basis of Sommerfeld’s electron theory using Poisson's equation and the Boltz- 
mann principle. The problem is solved under the assumptions that the potential and the electric 
intensity are continuous across the boundary, and that the P.D. between points in the two 
metals far from the boundary is equal to the contact P.D. In general, if the normal concentra- 
tion of conducting electrons is assumed to be one per atom the electrons in both metals re- 
main in the degenerate state, though their concentration may vary from normal by 39 to 50 
percent at the boundary. In this case the distribution is unaffected by temperature. In this 
special case of a pair of metals with high contact P.D., such as Cs and W, the electrons near the 
boundary in the more electropositive metal are reduced to the classical state and the distribu- 
tion is a function of temperature. The possible bearing of these results upon the properties of 
thin metallic films is discussed. 


30. An estimation of patch sizes on a thoriated tungsten filament. LrEon B. LinForp, 
National Research Fellow, Princeton University.—It is well known that coated filaments fail 
to follow Schottky'’s equation for thermionic emission in strong accelerating fields. Becker and 
Mueller (Phys. Rev. 31, 341 (1928)) showed that the emission from thoriated tungsten is what 
would be expected if the surface fields were much larger than image fields at distances greater 
than 10-° cm from the surface. These fields were confirmed by the author using the photo- 
electric method (Phys. Rev. 36, 1100 (1930)). One explanation assumes that these large fields 
are due to a non-uniform surface distribution of positive ions. If these patches are assumed to 
be square and of dimension b, arranged checkerboard fashion with a contact potential difference 
Vo between adjacent patches, the field above the center of a more positive area can be calculated. 
Using two values of the observed ion field the size of the patches was found to be about 2X 10~ 
cm, with about 0.5 volts contact potential difference Vo. The sum of the field produced by such 
a charge distribution and the image field was within experimental error of the observed field. 
From the surface field, and the threshold at a known accelerating field, the work function at 
zero field was found to be 2.7 volts or 1.8 volts less than that of pure tungsten. 


31. Some thermionic properties of barium films absorbed on tungsten. HERBERT NELSON, 
RCA Radiotron Company, Harrison, New Jersey (Introduced by G. R. Shaw)—The activity and 
the change in contact potential difference have been studied as a function of the thickness of 
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the barium film. The velocity distribution of the electrons, the effect of non-uniformities in 
the film, and the effect of field intensity on the activity have also been studied. The experi- 
mental tube was constructed such that the measurements could be made on a small area of 
the filament in order that errors due to lead losses, non-uniformities, and voltage drop along 
the filament might be minimized. A vacuum tube electrometer was used in measuring the elec- 
tron currents. The experimental results obtained by Eglin were confirmed, i.e., the activity 
of the composite surface was found to increase with the thickness of the barium film until an 
optimum thickness was reached after which further deposit caused the activity to decrease. 
A relation such as derived by Richardson was found to exist between the thermionic constants 
and the contact potential difference. The distribution of velocities of the emitted electrons 
were found to be Maxwellian for all thicknesses of the barium film. The presence of non-uni- 
formities in the emitting surface had the effect of decreasing the slope of the Maxwellian dis- 
tribution curve. 


32. Time changes in oxide-coated filaments. E. F. Lowry anp W. T. MILLts, Westing- 
house Electric and Mfg. Co., East Pittsburgh.—The oscillograph is made use of in studying time 
changes in the electron emission of oxide-coated filaments. The decay of emission with time 
while drawing current is compared with rate of recovery when instantaneous measurements are 
made. It is found that similar phenomena, though of much less magnitude, occur when tho- 
riated tungsten or bariated filaments are used. It has also been found that this fading effect 
is not a universal characteristic of oxide filaments though it is present in greater or less amount 
in the majority of instances. Oscillograph methods have also been employed in studying oxide 
emission at normal operating temperature. 


33. Grid current required by hot-cathode, grid controlled mercury arcs before discharge. 
W. B. Nortincuam, Bartol Research Foundation.—The hot-cathode, grid-controlled mercury 
arc or “thyratron” has been described by A. W. Hull, (G. E. Rev. 32, 213 and 390 (1929)). Al- 
though the thyratron has been called “an electrostatically controlled arc rectifier,” a definite 
grid current is required in the grid or control circuit. With a d.c. plate potential, this grid cur- 
rent, before the discharge begins may have any value from 6X10-% amp. to —10~? amp. 
depending on the type of thyratron, the plate potential and the mercury condensation tempera- 
ture. In certain cases, the temperature enters so drastically that a change in ambient tempera- 
ture of only a few degrees can cause the thyratron to fail to operate. With 60 cycle a.c. plate 
and grid potentials, experiment seems to show that 0.001 second is required to set up conduction 
in the thyratron. A time lag of this amount was unexpected. A comparison of the “phase 
shift” and “critical potential” methods of controlling a thyratron with photoelectric currents 
showed that for extremely small light intensities, the critical potential method is the more sensi- 
tive, although for greater light intensities the phase-shift method is perhaps more reliable. Satis- 
factory operation using either method of control was obtained with 10-' amp. photoelectric 
current (approx. 3X10~ lumen). The measurements were made on General Electric FG-17; 
FG-27 and FG-67 thyratrons. 


34. A further study of galvanoluminescence. Roy RicHARD SULLIVAN WitH R. T. Dur- 
FORD, Bell Telephone Laboratories and The University of Missouri.—Previous work by one of the 
writers has been checked and extended in several directions. The glow surrounding aluminum 
anodes was studied in several new solutions, as well as those already described. Several-fold 
larger efficiencies have been obtained by using water-cooled electrodes. Study of the glow seems 
to be against the theory of a gas film covering the electrode; the spectrum of the glow is a typical 
luminescence spectrum, and the brightness and efficiency lie in the same range as for other 
luminescent reactions under study in this laboratory. In many cases, the law of increase of 
brightness with voltage seems to have closely the same form as for a tungsten filament. The 
spectrum of the sparkles which appear at higher voltages is, however, a bright-line spectrum; 
the two strongest lines coincide with the strongest lines in the spark spectrum of aluminum. 
The glow surrounding various metals in ether solutions of Grignard reagents and of MgBre: 
2(C:Hs)20 has been studied, giving the highest efficiencies so far found in this type of lumines- 
cence. Systematic differences between chemical groups of metals are found. The work was 
done at the University of Missouri. 
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35. Intensities of the magnetic and electric illumination components in the electrodeless 
discharge. Cuas. T. Knipp, University of Illinois—Recent theory (J. T. Tykociner and J. 
Kunz, Chicago Meeting, American Physical Society, November 1930, paper No. 5) indicates 
that a considerable portion, perhaps even 80 or 90 percent of the illumination in the electrode- 
less discharge is due to the electrostatic field. A discharge vessel was constructed experimentally 
to test this point. Obstructions were set in it with the idea that each type of discharge would 
cast its own shadow. With the most favorable conditions for a discharge passing due wholly 
to the magnetic field, shadows were obtained in the plane of the exciting coil which extended 
one-third way around the tube, while there were no indications of shadows at right angles, i.e., 
in the direction of the electrostatic field. By placing a band conductor to the right and to the 
left of the medial line, and removing the energizing coil entirely, a powerful electrostatic field 
was produced and shadows in this direction were now readily obtained, but the characteristic 
ring discharge was gone. Hence it appears, when conditions are favorable for the formation of 
ring discharges, that the intensity of the attending illumination is in part, if not entirely, due to 
carriers moving in the plane of the energizing coil. This result seems to support the calculations 


of Sir J. J. Thomson. 


36. High frequency behavior of a plasma. Lewi Tonks, General Electric Company, 
Schenectady, N. Y.—Earlier work on spontaneous short-wave oscillations in a low-pressure 
mercury arc plasma (Phys. Rev. 33, 195 (1929)) has been extended to forced oscillations by 
experiments similar to those of H. Gutton (Ann. de Physique 13, 62 (1930)). Theory gives 
K=1-—»,2/v?, where v is the impressed, ve (=8980 (NV,)'/2) the plasma-electron frequency, for 
the specific inductive capacity of a plasma. The unit cube thus behaves like a tuned shunt 
circuit C=1/47r, L=m,/N.e?. This disagrees with Gutton’s conclusion. A modified Mossotti 
theory requires that a cylindrical plasma between plane condenser plates show shunt resonance 
when »,=(2)'/?», With a constant impressed frequency, the positive column of a Hg arc al- 
ways resonated at two values of arc current (ionization density) and sometimes at three, due 
possibly, to the non-uniformity of the plasma cross-section. The two main resonance densities 
were roughly in the ratio 2 to 5 and lay above and below the theoretical value. The variation 
with frequency was »,« v'+ cf. v6 theoretically. Above resonance (v,>(2)'/*v) the variation 
of K with », as given above was confirmed. 


37. Oscillations and travelling striations in an argon discharge tube. T. C. Cnow, Prince- 
ton University. (Introduced by H. D. SMytH).—Oscillations of audible frequencies in an argon 
discharge tube with a long positive column were observed in a pressure range 0.06 to 4.2 mm 
Hg. The amplitude of the fluctuation of voltage across discharge tube is of the order of magni- 
tude of 10 volts. Only in a certain portion of that pressure range distinct travelling striations 
were observed. The flash frequency, defined as the number of striations passing across a certain 
cross-section per second was approximately equal to the frequency heard in a telephone receiver 
attached to the circuit. It was found to depend on conditions in the circuit, such as current, 
external resistance, inductance, capacity, and filament current. The space potentials in the 
tube were also found to fluctuate. Tonks and Langmuir have described a kind of electric sound 
waves, possible if a certain condition involving electron temperature and concentration and the 
wave-length of the sound waves is satisfied. This condition was satisfied in our experiment. 
From their expression for the velocity of electric sound waves and the experimentally deter- 
mined flash frequencies a set of wave-lengths were calculated most of which are integral or 
half-integral multiples of the length of the discharge tube. 


38. The fall of potential in condensed discharges. J.C. SrrEET, University of Virginia.— 
The fall of potential in the initial stages of discharges has been studied by utilizing the well- 
known fact that an electric pulse on a wire when reflected from an open end of the wire has its 
maximum potential doubled at reflection, provided the length of the pulse is not greater than 
twice that of the wire. Transient electric pulses produced by the condensed discharge under 
investigation traveled along two parallel, symmetrical, straight wires to their open ends where 
they were reflected. The maximum potential across the open ends was measured as a function 
of the length of wire from the spark gap by two independent methods and was found to de- 
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crease when the lead wires became a few meters in length. From this curve the rate of potential 
fall can be obtained directly by electric circuit theory. In the case of static sparks at atmos- 
pheric pressure, where the potential was slowly applied, a comparatively slow fall of potential 
(6% in 210-8 sec.) was obtained at the beginning, but a very rapid (94% to 1/e of value in 
2107-8 sec.) fall later. This result is in fair agreement with the results obtained by Rogowski 
and Klemperer (Archiv. f, Electrot. 24, 127 (1930)) using a different method. When the pres- 
sure in the spark gap was decreased the rate of fall of potential in the initial stages wasdecreased. 
The method gives an easy way of studying the fall of potential in various kinds of discharges 
and is free from certain objections inherent in other methods. Such measurements, aside from 
giving information concerning the electrical breakdown itself, are desirable for a complete 
understanding of the operation of Kerr cells and cathode-ray oscillographs. 


39. The Kerr electro-optical effect in gases. E.C. SrEVENSON AND J. W. Beams, Univer- 
sity of Virginta.—The electric double refraction or Kerr electrooptical effect in CO, has been 
studied as a function of the density and the temperature. The method previously reported 
(Phys. Rev. 35, 1440 (1930) and O.S.A. program Oct. 31, 1930) has been refined so that the 
temperature of the Kerr cell can be set and maintained to 0.05°C. The average deviation of 
the Kerr constant per molecule was found to be less than 2 percent throughout the density 
range from 0.08 to 0.18 grams per cubic centimeter when the temperature, electric field, and 
wave-length band (4700A to 4300A) were kept constant. Holding the density, electric field 
and wave-length fixed the Kerr constant per molecule was observed to increase with decreasing 
temperature. Our preliminary results show that this increase was approximately 10 percent for 
a temperature change from 45°C to 20°C which is in rough agreement with what might be ex- 
pected from theory. 


40. On the correlation of radio reception with the position of the Moon in the observer’s 
sky. HarLan T. Stetson, Ohio Wesleyan University.—Observations of the intensities of radio 
reception at the Perkins Observatory and elsewhere have been utilized for a study of correlation 
of signal strengths with cosmic phenomena. Papers already published by the writer and by 
Greenleaf W. Pickard call attention to apparent change in the altitude of the Kennelly-Heavi- 
side layer with the change in solar activity. The same data have now been utilized in an in- 
vestigation of the possible relation between the intensity of signal strength and the position 
of the moon with respect to the observer, on the assumption that the moon is at a different 
electrical potential from that of the earth. The result of the observations indicates that the 
height of the Kennelly-Heaviside layer is substantially decreased by the presence of the moon 
above the horizon, and elevated as the moon passes underneath the observer. A plausible ex- 
planation follows on the assumption that the moon is negatively charged with respect to the 
earth. The form of the curve showing correlation between the moon’s altitude and the intensity 
of radio reception suggests an electronic tide which follows a hypothetical equipotential surface 
in the electrostatic field of the earth-moon system. 


41. Optical dispersion of helium. HENRY MARGENAU, Yale University —The numbers of 
dispersion electrons (f-values) for helium calculated from Hopfield’s intensity data by the semi- 
empirical method outlined in the author's first paper in this bulletin are used to construct an 
optical dispersion formula. Attention is to be called to the fact that transition matrices, com- 
puted from intensities of emission lines, are subject to considerable error. Nevertheless, the 
dispersion formula thus obtained, in which none of the constants are adjusted in the usual fash- 
ion, shows satisfactory agreement with the experimental data on the refractive index.—The 
theory of molecular forces is extended to a calculation of dissociation potentials and vibrational 
levels of the molecules Hg-rare gas, observed by Oldenberg. 


42. Intensities in the ultraviolet spectrum of mercury. E. D. McALIsTER, Division of 
Radiation and Organisms, Smithsonian Institution.—The intensities of the major spectral lines 
in the region 2000 to 4000A from a mercury vacuum arc have been measured. A quartz double 
monochrometer and vacuum thermocouple were employed. The effective slit width was 2A 
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at 2100A increasing to 12A at 4000A. The 2537 line gave a deflection of 50 mm with a 4A slit 
width. The intensities of the first four “sharp” triplets are quite close to the theoretical 1-3-5 
rule, 


43. Application of spinor analysis to the Maxwell and Dirac equations. Orro LAPORTE AND 
GrorGE E, URLENBECK, University of Michigan. With the spinor analysis developed by B. 
Van der Waerden (Gétt. Nach. 1929, p. 100), which comprises all representations of the Lo- 
rentz group, even those not contained in ordinary tensor calculus, one is able to write all deriva- 
tions and equations in an automatically covariant form. For the convenient translation into 
spinor language of Maxwell equations, it becomes important to introduce three self dual tensors, 
one representing the electromagnetic field, one corresponding go the Hertzian vector, and one 
representing a kind of current potential. These correspond to symmetric spinors of the 2nd 
rank. Many spinor equations thus become simpler than the corresponding tensorial equations, 
especially the expression for the stress energy tensor. From the 1st order Dirac equations in 
spinor form, as given by v.d. Waerden, we derived the 2nd order equations, which agree with the 
Gordon-Klein form but for a correction term which again contains the self dual field tensor. 
Further the expression for the current was obtained, and its decomposition into conduction and 
polarization currents, and finally both Maxwell and Dirac equations were derived from a 
spinorial variation principle, analogous to the results of Gordon and Darwin. 


44. Stereoscopic three dimensional models showing the electron’s motion in the Stark 
effect. R. W. Woop, Johns Hopkins University. By means of multiple exposures with a stereo- 
scopic camera of a rotating wire frame representing the curved quadrangle formed by the 
intersection of the parabolic coordinates of the Epstein-Schwarzchild treatment of the Stark 
effect, within which quadrangle the electron is progressively advanced along a properly curved 
wire, the orbital motion within the anchor-ring is very clearly brought out. The pictures when 
viewed with a stereoscope show the anchor-ring as a wire cage within which the precessing orbit 
appears as a white dotted line. The change in orientation and eccentricity of the orbit, with the 
constancy of the distance of the electric center from the YZ plane (field parallel to X) are easily 
seen. Photographs are shown illustrating various assignments of the quantum numbers ™ and 
No. 


45. Improved technique for Raman effect. R. W. Woop, Johns Hopkins University —For 
excitation by the mercury arc I find that the highest efficiency is obtained with a Hanovia 
quartz arc (220 volts) in a metal housing with a narrow rectangular aperture just over the hori- 
zontal burner. After much experimenting with filters, I have found that two only are needed, 
except in special cases. A solution is made of about 1.5 grams of suphate of quinine in 500 cc 
of water, acidulated with a little sulphuric acid. This is contained in a glass tube 2 inches in 
diameter and 12 inches in length which acts as a cylindrical lens, when mounted just above the 
burner. Photochemical change can be nearly prevented by a thin sheet of Corning noviol glass, 
transparent to 4046A and opaque to 3650A. The yellowing of the quinine is due almost entirely 
to the 3650 group of lines. A space of about 1 cm is left between the noviol plate and the aper- 
ture in the lamp housing for a stray draught of air from a fan. A concave reflector of polished 
aluminum is placed over the tube containing the liquid under investigation, which is mounted 
above and in contact with the filter tube. This arrangement is two or three times as efficient as 
any arrangement for absorbing 4046 by glass filters. The Zeiss filter, if heavy enough to reduce 
4046 to one percent of its value, reduces 4358 to one third of its value. Quinine is perfectly trans- 
parent to 4358. For excitation by 4046, the 4358 line is removed by a solution of iodine in car- 
bon tetrachloride. A saturated solution diluted to about 1:15 with CCl, will practically sup- 
press 4358, when contained in a tube 1.75 inches in diameter. A 1:30 dilution will suppress all 
modified lines due to 4358, but the unmodified group comes out fairly strong. A 1:10 or evena 
1:5 dilution can be used but with the latter concentration 4046 is considerably weakened. The 
iodine tube is used with the noviol glass plate below it. The cooling can be increased by mount- 
ing a flat plate in such a position as to concentrate the air draught into the gap between the top 
of the lamp and the noviol glass plate. 
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46. The masses of O!". Haro_p C. Urey, Columbia University. —Blackett (Proc. Roy Soc. 
107A, 359) and Harkins and his co-workers (Zeits. f Physik 50,97; Phys. Rev. 35, 809 (1930)) 
have given the velocities of the nuclei involved in the transmutation reaction N'*+Het—O" 
+H! and these together with the rest masses of N“, He‘ and H! of Aston permit a calculation of 
the rest mass of the O"’ atom by assuming the conservation of mass and energy. The atomic 
weight of O"’ calculated from 8 sets of data available varies from 17.00133 to 17.00502 (O" = 16). 
The absolute value is not certain to this number of significant figures since Aston's values are not 
so certain but the uncertainty due to the probable errors in the rest masses of N“*, He‘ and H' is 
the same for all 8 cases and the differences must be accounted for in some other way. The dis- 
crepancies are far greater than the probable errors in Blackett’s measurements. The most prob- 
able reason for them appears to be that O"’ atoms with different masses and energies are pro- 
duced and that the different values are due to different energy levels of the O"’ nucleus. Then, 
the gram atomic rest mass of the O"’ atom in the normal nuclear state is equal to or less than 
17.00133 + ~0.0028, i.e. the smallest value observed. 


47. Regularities in an emission spectrum of CO,. H. D. SMyru anv T. C. Cuow, Prince- 
ton University.—About a year ago Smyth and Arnott did some work on the excitation of the 
band spectrum of nitrogen by an electron beam. The method used seemed to offer two advan- 
tages for the study of the spectra of polyatomic gases, namely small chance for dissociation and 
a somewhat simplified spectrum. The method has been applied to CO, and spectra obtained 
showing hardly a trace of CO bands. The spectrum obtained is nearly identical with that meas- 
ured by Fox, Duffendack and Barker. With their data, supplemented by preliminary measure- 
ments of our own plates, we have found a divergent set of 14 vibration terms given by vy =1101.7n 
+1.7n® taking the lowest as zero. These combine with three higher doublet terms which are 
probably part of another vibration set and appear to converge strongly. Referred to the lowest 
of the first set as zero they are, taking the lower of each pair, 31,953.1, 34,833.0 and 37,455.1 
wave-number units. The upper member is 167 wave-numbers higher in each case. Though it is 
impossible to be certain which is the higher and which the lower of these two sets of levels, either 
choice gives one set of levels divergent over the range studied. 


48. Absorption of iodine lines by atoms from optically dissociated molecules. Louis A. 
TURNER AND E. W. Samson, Princeton University.—Great improvement over former results 
(Phys. Rev. 31, 983 (1928)) has been obtained by use of (1) a vacuum spectrograph, (2) argon 
at 5 cm pressure in the absorption cell, to retard diffusion of atoms to the walls, (3) a source giv- 
ing fine unreversed lines (pressure 0.003 mm, excitation by short wave oscillator, outside elec- 
trodes). The absorption cell contained I; at a pressure of 0.03 mm and was illuminated by full 
light from a 13 ampere carbon arc. The only three lines in the region investigated (A > 1630) 
which result from combination with the *P,, ground term, viz. 1830, 1782, and 1642 are all 
strongly absorbed upon illumination of the absorption cell. Six others from combination with 
*P; are not absorbed. 


49. Hyperfine structure in the copper spectrum. A. G. SHENSTONE, Princeton University 
—As a result of recent observations of hyperfine structure in the copper spectrum, it can be 
stated that the nuclear moment is almost certainly 1}. Several lines for which the upper 
state is d°s, s‘ D3; have four rather widely spaced components and all other lines from that 
level are wide, though unresolved by the apparatus available. The term d°s, st D, has two com- 
ponents. Lines due to the other two members of this term do not appear in the source at all. 
This is probably due to the Auger effect; and, if so, it is the first observation of that effect in 
an atomic spectrum. Back’s observation of the resonance lines and Wali- Mohammad’s observa- 
tion of the d°s* *D,; lines can be reconciled with the nuclear moment 1}. Silver shows no hy- 
perfine structure, 
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